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STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 
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This invention was made with U.S. government support in part by grants from the 
National histitutes of Health (HL52509 and HL45582), The Department of Defense 
15 (BC980149), and the Robert and Helen Kleberg Foundation. The U.S. government has 
certain rights in the invention. 

FIELD OF THE INVENTION 

The present invention generally pertains to a method of modulating, including 
20 methods of treating and/or preventing, inflammatory diseases involving leukocytes and 
their precursor cells in a subject in need thereof The present invention also pertains to 
methods of modulating xanthine oxidoreductase (XOR) activity in leukocytes and 
leukocyte precursor cells in vivo or in vitro. 

25 BACKGROUND OF THE INVENTION 

Xanthine oxidoreductase (XOR) contributes to diverse inflammatory diseases of 
humans and in animal models of inflammatory disease. The specific XOR inhibitors, 
allopurinol and tungsten, have been used to infer the contribution of XOR in human and in 
animal models of inflammatory disease. 
30 Heart disease. XOR contributes significantly to diverse heart diseases. The 

cardio-protective effect of allopurinol in patients With chronic heart failure (CHF) (7-9), 
cardiomyopathy (10), or in patients undergoing heart surgery (11,12) identifies a 
heretofore unrecognized contribution of XOR to these diseases. These observations are 
striking since the normal heart is a poor source of XOR (1 3). While the mechanism by 
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which XOR mediates heart disease is unknown, inflammation is now recognized to 
contribute substantially to each of these disorders (7-12). 

Diabetes and pancreatic inflammation. AUopurinol treatment has been 
protective of vascular endothelial function in Type 1 and Type 2 diabetes in humans 
5 (14,15), and XOR was markedly elevated in several organs in experimentally induced 
diabetes in rats (16). In streptozotocin induced diabetes in mice, for example, allopurinol 
nomialized superoxide generation (17). Furthermore, allopurinol blocked pancreatic 
fibrosis in rats treated with the inflammatory inducer, diethyldithiocarbamate (18), and 
blocked evidence of pancreatitis and vascular injury in L-arginine induced pancreatic 

10 inflammation in rats (19). 

Liver and gut inflammatory injury. In humans with Crohn's disease, epithelial 
damage was strongly associated with expression of XOR (20), and in mice, allopurinol 
treatment markedly reduced VR induced colonic leukocyte-chemokine expression and 
leukocyte accumulation (21,22). Leukocyte-chemokine expression and leukocyte 

15 accumulation in an endotoxemic model of liver injury (23) were likewise blocked with 
allopurinol treatment. Furthermore, treatment with allopurinol blocked the progression of 
experimentally induced acute gastric mucosal lesions in rats and decreased markers of 
leukocyte infiltration in the gut (24). Liflammatory lung disorders are among the most 
common lethal diseases of humans and become the third or fourth leading cause of death 

20 with advancing age (1-3). The complex immunological mechanisms mediating 

inflammatory lung disorders involve cells of both innate and adaptive immunity (1-5). 
For example, acute lung injury (ALI), the acute respiratory distress syndrome (ARDS), 
and limg ischemia/reperfusion injury (I/R) are acute inflammatory disorders typified by a 
large influx of leukocytes, including polymorphonuclear phagocytes (PMN or neutrophils) 

25 and mononuclear phagocytes (MNP). Chronic obstructive pulmonary disease (COPD), 
tuberculosis, and sarcoidosis are chronic inflammatory disorders that typically reveal the 
participation of both MNP cells and T-helperl (Thl) cells of adaptive immunity (1-6). 

Inflammation of the eye. Very recent data have shown the marked 
immunomodulatory effect of allopurinol on inflammatory cell accxmiulation in clinical 

30 and experimental uveitis (25-27). Allopurinol was as effective as steroid treatment in its 
capacity to reduce PMN accumulation in the eye even after the onset of disease, and with 
its minimal side effects, allopurinol offers great promise as an alternative therapy for 
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inflammatory diseases of the eye. No mechanism has been postulated for the 
immunomodulation produced by allopurinol in inflammatory eye disease. 

Lung and vascular inflammatory injury. XOR and its substrate, hypoxanthine, 
were elevated in the lungs and blood of patients with ALI (28,29), and up regulation of 
5 XOR in many organs, including the lung, is a molecular signature of systemic 

inflammation induced by sepsis (30), a common cause of ALI. Furthermore, XOR is up 
regulated in the bronchoalveolar lavage fluid of patients with COPD (31,32), and 
allopurinol treatment reduced both XOR and evidence of XOR derived oxidative stress in 
COPD (33,34). Feeding animals on tungsten or allopurinol diets also reduced 

10 inflammatory lung injury produced by hemorrhage (35-38) and reduced vascular 

permeability that was induced experimentally by I/R (38,39). Our work demonstrated that 
allopurinol and tungsten both attenuated inflammation and markers of lung injury in a rat 
model of cytokine induced Ixmg inflammation (40). Allopurinol treatment was also found 
to induce remission in patients with sarcoidosis (41-45), a chronic inflammatory injury of 

15 both the skin and the lung. These results are noteworthy for the capacity of allopurinol to 
cause even fulminate sarcoid lesions to fully regress. Allopurinol treatment was likewise 
found to reduce endothelial injury in the lungs (and gut) of heavy smokers and in rats 
subjected to heavy smoking conditions (46-48). Finally, evidence of vascular injiuy 
induced in mice by hemorrhagic shock (49) or LPS injection (50) were also dramatically 

20 attenuated by prior inhibition of XOR with allopurinol. 

Transplantation. Oxidative stress occurs in ischemia-reperfusion injury and may 
also contribute to tissue rejection damage. It is thought to play a major role in activation of 
endothelium, the primary target in allograft rejection. Several cellular sources of reactive 
oxygen species (ROS) are known, including the mitochondria, oxidant enzymes in 

25 peroxisomes, cytoplasmic enzymes like xanthine oxidoreductase (XOR), and the plasma 
membrane-bound NAD(P)H oxidase complexes. ROS at low concentrations function as 
mediators of intracellular signaling cascades; however, ROS at high concentration may 
result in oxidative modification of lipids, proteins, and DNA. ROS can also act as 
chemoattractants for infiltrating leukocytes, which may worsen tissue injury because of 

30 their ability to release proteases and inflammatory cytokines. Therefore, ROS, including 
superoxide anion, hydrogen peroxide, hydroxyl radical, and singlet oxygen, have been 
implicated in the pathophysiology of a wide variety of human diseases including 
ischemia-reperfusion injury. 
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Xanthine oxidoreductase (XOR) catalyses the final reactions of ptirine catabolism, 
fostering the hydroxylation of hypoxanthine to xanthine and xanthine to uric acid, and 
may account for cell damage by producing reactive oxygen metabolites in cells 
reoxygenated after hypoxia. In normal tissues, XOR exists mostly as xanthine 

5 dehydrogenase (XDH) using as the electron acceptor; it can be converted into an oxidase 
(XO) in vivo and in vitro. In contrast with XDH, XO uses molecular oxygen as the 
electron acceptor and produces substantial amounts of superoxide and hydrogen peroxide 
under appropriate conditions. Recent studies have shown that XOR expression and 
activity is induced by inflammation and by cytokines where it can promote inflammation 

10 as a product of the invading mononuclear phagocyte, and inhibition of XOR can be 
protective in a wide variety of inflammatory conditions. 

Li principal, ROS produced predominantly by increased XOR activity could also 
modulate the extent of tissue rejection. Pretreatment with tungsten (WfC12), which 
inhibits XOR activity by replacing the molybdenum ion within the enzyme and fliereby 

15 inactivating its catalytic site, could alleviate the damage of grafts after transplantation by a 
decrease in XOR activity and consequently a reduction of ROS generation. This 
hypothesis was recently tested (Sun et aL, Role of Xanthine Oxidoreductase in 
Experimental Acute Renal-Allograft Rejection. Transplantation 77: 1683-1692, 2004). 
The authors confimied the role of XOR in experimental graft rejection and observed the 

20 following: '"Generation of ROS was enhanced, being lOfold higher in renal allografts 
versus control kidneys at day 9 (P<0.01); this was associated with histologic signs of 
acute rejection. Oxygen radicals were generated to a significant degree by enhanced XOR 
activity, which increased more than 10-fold in renal allografts at day 9 posttransplantation; 
XOR protein in glomeruli and tubulointerstitium was also elevated in allografts. In 

25 addition, NADPH oxidase activity increased significantly in allografts. The activity of 
antioxidant enzymes tended to decrease. Timgsten treatment resulted in a pronounced 
reduction of XOR activity and ROS production, without any effect on NADPH-oxidase 
activity; mononuclear cell infiltration and rejection signs were significantly ameliorated at 
day 9 post-transplantation by selective inhibition of XOR. A major part of ROS 

30 generation in acute rejection was contributed by XOR. ROS are not only associated with 
but also contribute to acute allograft rejection because inhibition of XOR alleviated 
rejection phenomena." 
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The contribution of XOR to inflammatory lung disorders is not well understood. 
However, XOR could mediate inflammation as a source of reactive oxygen species (ROS) 
or reactive nitrogen species (RNS). While XOR is uniquely responsible for the synthesis 
of uric acid in the course of purine degradation, it can also generate ROS with high 
5 efficiency. Both H2O2 and O2' are produced from XOR following conversion of D-form 
XOR (xanthine dehydrogenase, XDH) to O-form XOR (xanthine oxidase, XO) (51). 

Conversion from D-fonn to O-form can be mediated in vitro following proteolysis 
or thiol oxidation (52,53), but it remains a poorly characterized process in vivo. We 
established the contribution of XOR to cytokine induced limg inflammation and oxidative 

10 stress using tungsten and allopurinol inhibition (40). Both of these inhibitors decreased 
lung inflanmiation, MNP nitrotyrosine staining, and alveolar cell apoptosis. Allopurinol 
is a highly specific XOR inhibitor that acts noncompetitively following its conversion into 
oxypurinol (alloxanthine) which then inhibits the molybdenum center of XOR by tight, 
but reversible, binding (54). In our experiments, rats were fed allopxirinol at a dose of 50 

15 mg/Kg for seven days, a regimen well known to inhibit XOR in vivo (35,40). While high 
concentrations of allopurinol may theoretically have ROS scavenging capability in vivo 
(55), this results primarily from quenching hydroxyl radical and not O2' (56). 
Furthermore, allopurinol, even at relatively high doses, fails to scavenge ROS generated 
from the NADPH oxidase, confirming that allopurinol is not, per se, a significant 

20 scavenger of O2* in vitro or in vivo (57-59). Tungsten feeding is another selective method 
for inhibiting XOR. Tungsten displaces molybdenum from the molybdopterin cofactor 
necessary for the activity of XOR and other MoCo enzymes, thereby precluding substrate 
reduction of the enzyme (60). The similar effect achieved by treatment with either of 
these distinct and differently acting inhibitors strongly suggest that XOR activity 

25 contributed to the inflammatory responses described above. 

Although XOR is largely recognized to contribute to inflammatory and vascular 
injury as a source of ROS, recent evidence indicates that XOR can also convert nitrates 
into nitric oxide (NO) under hypoxic conditions (61-63), contributing to the formation of 
peroxynitrite and perhaps other RNS (64). This kinetically efficient reaction contributes 

30 to hypoxic myocardial NO synthesis at levels equivalent to those of nitric oxide synthase 
(65), and may contribute significantly to the formation of RNS in human COPD (34). 
Thus, XOR could play a complex role in inflanunatory disorders as a source of both ROS 
and RNS. 
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MNPs play essential and multiple roles in inflammation. MNP are derived 
from difFerentiation of hematopoietic bone marrow stem cells, and the complex life-cycle 
of the MNP suggests several ways in which the MNP affect the course of inflammation. 
The role played by the MNPs in inflammatory lung disorders is not well imderstood. 

5 However, resident alveolar macrophages (AM) are potent sources of pro-inflammatory 
cytokines such as TNF-a, IL-1, IL-8, IFN-y or ROS (1-3) that can promote inflanmiation. 
Resident, mature AM comprise close to 100% of the cells found in the BALF of resting, 
untreated rats, and when detected lymphocytes and PMNs comprise well below 1% of the 
total inflammatory cell population (40). Thus the resting lung may be considered to 

10 harbor an essentially pure population of mature AM. The resting mature AM responds to 
many activating signals including products of bacterial pathogens like the 
lipopolysaccharide (LPS) and cytokines such as IL-1 or IFN-y (98-101). Upon activation, 
AM secrete cytokines involved in the orchestration of the inflammatory response, activate 
the respiratory burst NADPH oxidase, and release ROS. For example, IL-1, IL-6, IL-8, 

15 and TNF-a are all released in response to LPS (98,99). The response of alveolar 

macrophages to IFN-y is complex. IFN-y is a principle activating factor in vivo and is 
responsible for activation of the NADPH oxidase and general reprogramming of 
macrophage gene transcription and subsequent cytokine release (100,101). IFN-y signal 
transduction in the macrophage operates through a system of protein relays that involves 

20 activation of the JAK/STAT pathway and NF-kB activation (102). Thus, the AM 

comprise cells highly responsive to pathogens and cytokines, not only as phagocytic cells, 
but as cells capable of calling up and amplifying the inflanunatory process. As phagocytic 
cells, the resident AM also play vital roles in the resolution of inflanunation through 
removal of apoptotic cells (103). 

25 The recmitment, infiltration, and differentiation of monocytes into macrophages is 

a critical feature of lung inflammation that underlies the role played by the MNPs. 
Following the induction of inflammation, monocytes are recmited to the lung primarily, 
but not exclusively, in response to the chemokines MCP-1 and MCP-2 (104-106). Once 
established in the air space, monocytes rapidly difTerentiate into macrophages by a 

30 complex process that has been initiated from the earliest moments of transendothelial 

migration (107-1 10). Recognition of the differentiation program has evolved over the last 
15 years and considerable data have now been marshaled that comprise a solid framework 
for understanding monocyte to macrophage differentiation (111-113). In essence the 
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program of differentiation begins in the bone marrow with the differentiation of 
hematopoietic stem cells into monocytes, which are best understood as committed but still 
undifferentiated cells with the potential to become several different end stage cells 
depending upon the tissue in which they localize (114). For example monocytes 
5 differentiate into osteoclasts in bone, Kupfer cells in the liver, macrophages in the 
peritoneum or lung, etc. Differentiation of circulating monocytes into macrophages 
occurs once these cells have left the vascular compartment. Cytokine driven 
differentiation sequentially activates specific subsets of transcription factors that mediate 
differentiation (111,112). Not all of these signals are fully understood, however, factors 

10 committing precursor cells to the monocytic lineage include STATl, GATA-1, PU-1, 
AML-1, and C/EBP whose DNA binding signatures can all be found on the upstream 
regulatory DNA of mouse, rat, and human XOR. Differentiation of the committed 
monocyte into a macrophage is mediated by the factors C/EBP, NF-Y, AML-1, STATl, 
STATS and others, whose signatures are also key features of the XOR regulatory DNA. 

15 Cytokines promotmg differentiation include GM-CSF, M-CSF, IL-6, INF-y, and TGF-P, 
although signals derived from adhesion molecule ligation and bone morphogenetic 
proteins (BMP2-7) also contribute to MNP differentiation (115-117). 

Cytokines and chemokines expressed by MNP orchestrate the inflammatory 
process. MNP can participate in the autocrine and paracrine synthesis of proinflammatory 

20 cytokines and chemokines resulting in amplification of the inflammatory process. For 
example, human monocytes in culture or established human monocytic cell lines express 
and secrete IFN-y, RANTES, MlP-la, MCP-1, MCP-2, and IL-8 (107-109,1 18-123). 
Autocrine stimulation of mouse macrophages by IFN-y results in stimulated expression of 
TNF-a, MCP-1, MlP-la, and IL-8 (121-123). Thus, while PMN and MNP chemokines 

25 can be derived from endothelial or epithelial cells (124,125), they can also be derived 

from the inflammatory MNP themselves. Recently, newly infiltrating MNP were found to 
promote PMN immigration, recruitment, and infiltration following intratracheal 
instillation of LPS in mice (126,127) or cytokine in rats (40). Although the mechanism 
for MNP induced PMN recruitment was not defined in these studies, MNP are sources of 

30 both peptide (IL-8, Cine) and lipid PMN chemotactic factors following activation (128- 
1 30). Thus, inflanunatoiy activation of the MNP can greatly expand the inflammatory 
cell population and promote injury. 
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Intracellular ROS derived from XOR could modulate the function of MNP during 
inflammation. While many different sources of ROS can be defined in the MNP, both 
XOR and the NADPH oxidase have been functionally linked to inflammation in humans 
and in rodent models of inflammation. The different compartments into which ROS are 

5 released by each of these enzymes can be anticipated to differentiate their respective 
contributions to inflammation. 

XOR as an intracellular source of ROS. The expression of both XOR and the 
NADPH oxidase by MNP would appear to provide redundant sources of 02-., however, 
this redundancy may be more apparent than real. First, there is now overwhelming 

10 support for the oxidation of low density lipoprotein (LDL) by MNP NADPH oxidase 
which contributes to the inflanunatory response of atherosclerosis (13 1), Cell 
specific knockout of NADPH oxidase precludes LDL oxidation by activated 
monocytes and precludes 02-. synthesis (132). It is important that the MNP NADPH 
oxidase is assembled in a polarized sense on the MNP plasma membrane, with 02-. being 

15 generated "outside" the cell and therefore released to an extracellular environment where 
it can participate in LDL oxidation (133). Routine assay of NADPH oxidase derived 02-. 
involves exposing plated cells to cytochrome c, whose reduction is monitored 
spectrophotometrically in the absence of cell lysis (132). Even during phagocytosis, 
NADPH oxidase derived 02-. will be released to a membrane bound subcellular 

20 compartment, the phagolysosome. On the other hand, XOR is a soluble cytoplasmic 
enzyme whose ROS will necessarily be released to the cytoplasm where they are 
anticipated to undergo rapid reactivity with cytoplasmic components (5 1-54). Thus, XOR 
and the NADPH oxidase may provide the MNP with functionally distinct and 
compartmentalized soxirces of 02-.. 

25 As described above, XOR is largely recognized to contribute toinflammatory 

injury as a source of ROS. The capacity for XOR to convert nitrates into NO during 
inflammation (62, 63) will contributing to the formation of peroxynitrite and perhaps other 
RNS (64). This kinetically efficient reaction contributes to hypoxic myocardial NO 
synthesis at levels equivalent to those of nitric oxide synthase (65), and contributes 

30 significantly to the formation of RNS in human COPD (34). Once again, as a cytoplasmic 
enzyme, RNS generated by MNP XOR would also be generated initially in the 
intracellular compartment where they would be immediately available to modulate RNS 
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sensitive intracellular signaling. Thus, XOR could play a complex role in inflammation as 
a source of urate, ROS, or RNS. 

ROS signaling in the MNF The capacity for NADPH oxidase generated 
extracellular O2" to affect redox signaling in the MNP has been exhaustively reviewed 
5 (134,135). Several points emerge from these analyses that suggest possible ways in which 
intracellular XOR derived ROS could modulate MNP function as well. First, the 
exceptional reactivity of O2" confers upon it a spatial restriction for its reactivity. The 
restricted location of action would provide specificity in signal transduction. For 
example, extracellular O2"' released from the NADPH oxidase must first undergo 
10 dismutation to H2O2 prior to entering the MNP, while 02" released from XOR to the 
intracellular compartment would be immediately available for reactivity. Second, 
intracellular steady state 02"' concentration is estimated to be 10 M, and even 
substantial shift in concentration could be achieved by relatively low levels of XOR 
activity. Third, under limiting substrate conditions, the preferred XOR derived ROS is O2" 
15 • and this would distinguish the affects of the NADPH oxidase from those of XOR. 

Finally, intracellular redox signahng in the MNP is complex (134), involving activation of 
redox sensitive transcription factors (NF-kB, AP-1, SP-1), ERK/MEK kinases, tyrosine 
phosphatases, and lipid mediators (134). Furthermore, reactivity of each of these down 
stream mediators will be affected by the immediate cytokine environment whose signaling 
20 is transduced by many of the same pathways. 

The profile of cytokines and chemokines expressed by MNPs can be sensitive 
to intracellular ROS. Analysis of IL-8 gene expression in MNP indicates that it is 
activated in response to ROS via NF-kB and AP-1 mechanisms (120-123,128) and may, 
therefore, be sensitive to intracellular ROS. Given the broad reactivity of the pathways 
25 sensitive to intracellular redox signaling, it is presently impossible to anticipate specific 
targets of XOR derived ROS. 

Proliferation of MNP in response to intracellular ROS. In addition to an effect 
on MNP cytokine or chemokine expression, intracellular ROS can affect the growth or 
apoptosis of cells (136,137). In particular, granulocyte-macrophage colony stimulating 
30 factor (GM-CSF) promotes the growth and differentiation of granulocytes and MNP from 
hematopoietic stem cells (138,139). GM-CSF has been also recognized to promote a 
proliferative phase of the MNP (140) that depends upon the generation of ROS (141-143). 
GM-CSF, acting either through tyrosine MAP kinases or the JAK2/STAT5 signaling 
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complex, stimulates ROS generation (142) leading to an increase in MNP mitosis and cell 
proliferation (141,143), and ROS appear to be critical for entry of MNP into the Gl-S 
phase of the cell cycle thereby inducing mitosis (141). Interestingly, these observations 
were presaged 20 years ago by the demonstration that increased MNP mitosis was one 
5 mechanism mediating expansion of the MNP population in a chronic inflammatory 

disorder (144). These observations reveal the key role played by intracellular ROS in the 
expansion of the MNP population and suggest an additional important point at which 
XOR derived intracellular ROS may also regulate MNP function. 

Cytokines elevated in the lungs of patients with inflammatory lung disorders 

10 could promote XOR dependent ROS generation* Cj^okines and other factors that are 
increased in the bronchoalveolar lavage fluid (BALF) of ALI patients and in animal 
models of inflammatory lung injury include (in part) IL-1, IFN-y, TNF-a, IL-4, IL-6, IL- 
8, IL-10, TGF-P, GM-CSF, M^CSF, MCP-1, and MCP-2 (145-147). While the balance 
between pro- and anti- inflammatory cytokines and chemokines appears to determine the 

15 progression of ALI and its outcome (145-147), this balance may itself be critical for the 
induction and expression of XOR, and cytokine activation of XOR may be a necessary 
prerequisite for its involvement in lung inflammation. 

Cytokines that are elevated in inflanunatory lung disorders can increase lung XOR 
expression and subsequent ROS production. In particular, IL-1 is increased in 

20 inflammatory lung disorders and may contribute to inflammation by inducing the 

expression of inflammatory chemokines (IL-8, MCP-1) and adhesion molecules important 
for migration of inflammatory cells into the air space (ICAM-1) (145-148). Intratracheal 
insufflation of IL-1 promotes inflammatory cell accumulation and acute lung leak in rats 
(149,150) and induces expression of inflammatory chemokines (IL-8, MCP-1) and 

25 adhesion molecules (ICAM-1) in cultured lung epithelial cells in vitro (148). Importantly, 
XOR steady state RNA and enzyme levels are regulated in several cultured cells by IL-1 
through a cycloheximide and an actinomycin-D inhibitable mechanism (78-80). IL-1 
alone induces XOR by approximately 4 fold in cultured endothelial and epithelial cells 
(79,80). DFN-Y is also increased in the BALF of ALI patients (145-147), induces 

36 inflammatory cell recruitment in vivo (151,152), and promotes apoptosis in cultured lung 
alvrolar epithelial cells in vitro (153). IFN-y also induces XOR steady state RNA, 
protein, and enzyme activity by mechanisms potentially synergistic with IL-1 in cultured 
cells in vitro and in vivo in mice (78-80,154,155). IL-6 has been reported to induce XOR 
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in cultured epithelial cells (78-80), and synergy between IL-1 and IL-6 increases this 
induction to 10 fold in vitro. In a cytokine model of ALI, alveolar MNP XOR levels were 
dramatically elevated, and the MNP XOR recovered was largely converted into O-form 
(40). 

5 Transcriptional activation of XOR gene expression by inflammatory cytokines 

may underlie its contribution to inflanmiatory lung injury. Most analyses of XOR gene 
expression have been conducted with cultured epithelial cells, endothelial cells, or 
fibroblasts where XOR was induced by proinflammatory cytokines, LPS, or hypoxia (78- 
81). Our work with mammary gland XOR demonstrates that XOR gene expression and 

10 mRNA content are induced over 80% in vivo by lactation (8 1,156), and in vitro, XOR was 
induced in cultured mammary epithelial cells by prolactin and Cortisol (81 ,1 57). While 
XOR can be regulated by post-transcriptional mechanisms such as phosphorylation and 
mRNA turnover (71), regulation at the transcriptional level is a primary component in the 
regulation of XOR gene expression. In cultured cells, cytokine or hormone activation of 

15 XOR was blocked by actinomycin D (78-80) as was activation in response to hypoxic 
growth (71,80,158). 

Efforts to understand XOR transcriptional regulation have been undertaken in 
several laboratories. Upstream regulatory DNA from the XOR genetic locus has been 
fused to luciferase reporter genes and transient expression studied in cultured cells. 

20 Deletion analysis of XOR upsteam DNA for human and rat XOR produced a basic 
understanding of the XOR promoter and regulatory DNA. First, himian and rat XOR 
reveal complex architecture in the upstream DNA that maintains XOR under a state of 
repression that, presumably, must be released before XOR can be activated (159). 
Second, a basal promoter can be defined from approximately +1 to -100 nt that is 

25 sufficient for activation in all cells examined so far (89,159,160). Third, a region of 

transcription initiation at -59 nt was identified in several cells that corresponds to the site 
selected in vivo (91,159,160). Fourth, a domain within the first 42 nt of the rat XOR exon 
1 is required for proper transcription site selection in vitro and this region binds a 
transcription factor of the C/EBP class (91). Fifth, a functional site upstream of the 

30 transcription initiation site has been identified that is essential for activation of the human 
XOR gene, and this site binds the transcription factor NF-Y (160). Importantly, the 
functional NF-Y site observed in the human XOR promoter is conserved in nearly the 
identical position in human, rat, and mouse sequences. Sixth, many binding sites within 
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the first 200 nt upstream of the translational start site can bind members of the C/EBP 
class (91,160), and other binding sites found in this region include an E-box ARE site, and 
sites for YYl and USFl (89-91, 159,160). In mammary epithelial cells, XOR 
transcriptional activation by prolactin and dexamethasone was blocked by inhibitors of the 
5 JAK2/STAT5 and glucocorticoid pathways (157) and by inhibitors of the MEK-1/2 and 
ERK-1/2 pathways (156). 

Many of the signaling pathways that activate XOR in endothelial and epithelial 
cells are shared with the MNP. Research into the mechanism of inflammatory disorders 
for much of the preceding several decades has focused on the induction of inflammation 

10 and the role played by endothelial cells and endothelial cell XOR in this process. Most of 
our present knowledge about XOR regulation has been obtained from analyses of cultured 
endothelial and epithelial cells. However, recognition that the inflammatory leukocytes, 
particularly MNPs, express high levels of XOR, and that inhibition of XOR is protective 
in many inflammatory disorders, is important because XOR derived intracellular ROS 

15 could exert many effects on the life of the leukocytes and thereby potentiate inflammation 
many different levels. 

Therefore, a need continues to exist for the development of a method that will be 
effective to modulate inflammatory reactions involving leukocytes and their precursor 
cells. In addition, a need also continues to exist for the development of compounds which 

20 regulate XOR activity in vivo and in vitro in leukocytes and leukocyte precxirsor cells. 

SUMMARY OF THE INVENTION 

The invention includes a method of modulating inflammatory reactions involving 
leukocytes and leukocyte precursor cells in a subject comprising contacting a subject in 

25 need of said modulating with an amount of a xanthine oxidoreductase (XOR) inhibitor 
effective to modulate said inflammatory reaction involving leukocytes and leukocyte 
precursor cells in said subject. The invention is also directed to a method of modulating 
XOR activity in leukocytes and leukocyte precursor cells comprising contacting said 
leukocytes and leukocyte precursor cells with an agent which modulates the expression, 

30 synthesis, degradation, secretion, release, half-life, conversion or catalysis of XOR in 
leukocytes and leukocytes precursor cells thereby modulating XOR activity. Also 
included in the invention is a method of modulating inflammatory reactions involving 
leukocytes and leukocyte precursor cells in a subject comprising contacting said subject in 



12 



wo 2005/030138 



PCT/US2004/031478 



need of said modulating with an amount of an agent which is effective to modulate the 
expression, synthesis, degradation, secretion, release, half-life, conversion or catalysis of 
XOR in leukocytes and leukocyte precursor cells thereby modulating said inflammatory 
reactions. 

5 The invention is further directed to a method of modulating cytokine-induced 

inflammation in a subject comprising a) removing leukocytes and leukocyte precursor 
cells from said subject to form a population of leukocytes and leukocyte precursor cells; 
b) contacting said population of leukocytes and leukocyte precursor cells formed in part a) 
with an effective amoimt of one or more agents to obtain a treated cell population, 
10 wherein said one or more agents are effective to modulate the expression, synthesis, 

degradation, secretion, release, half-life, conversion or catalysis of XOR in leukocytes and 
leukocyte precursor cells; and, c) administering said treated cell population of part b) to 
said subject; wherein said administered cell population modulates said cytokine-induced 
inflanunation in said subject. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figures 1 A-E. Lung XOR induction following cj^okine insufflation. Total lung 
and liver XOR activity was quantitated in the presence of NAD^ in soluble desalted 
protein extracts from rats that were insufflated 24h before with saline, IL-1, IFN-'y or IL-1 
5 and LFN-y. Data show the mean and standard error for six rats in each group. IL-1 and 
BFN-y insufflated rats had increased (**, p<0.02) lung (A), but not (p>0.05) liver (B), 
XOR activity compared to rats insufflated with saline, IL-1 (*, p<0.05), or IFN- x p>0.05). 
(C) Western immvmoblot analysis of limg XOR from cytokine insufflated rats. Antibody 
to rat P-actin was used to control for gel loading. Gels were scaimed with a Perkin-Elmer 

10 phosphoimager for semi-quantitation. Data are shown for two rats in each group. These 
data demonstrate that lungs from rats insufflated with IL-1 and IFN-y had increased XOR 
immunoreactive protein compared to rats insufflated with saline, IL-1 or IFN-y. (D) The 
percentage of O-form XOR was quantitated in soluble protein extracts of cytokine 
insufflated rat limgs. Data show the mean and standard error for six rats in each group 

15 and are expressed as the percentage of the total XOR activity. Rats insufflated with IL-1 
and IFN-y had increased (♦, p<0.05) lung O-form XOR activity compared to rats 
insufflated with saline, IL-1 or IFN-y. (E) Soluble protein extracts were reduced in the 
presence of 5mM dithiothreitol (DTT) for one hour at 37°C after which they were re- 
chromatographed on Sephadex G25 and re-assayed as above. O-form XOR activity in the 

20 soluble protein extracts from all insufflated rats was comparably reduced by DTT. Data 
show the mean and standard error for six rats in each group. 

Figures 2 A-F. Induction of XOR in lung inflammatory cells. (A) B ALF from rats 
insufflated 24h before wdth IL-1 and IFN-y had increased (**, p<0.02) numbers of 
inflammatory cells compared to rats insufflated with saline, IL-1, or IFN-y alone. Data 

25 show the mean and standard error for eight rats in each group. (B) Lung tissue slices were 
mounted on glass slides, H&£ stained, examined under bright-fleld microscopy, and 
digitized using the Roper Scientific Digital Imaging program (Roper Scientific, Trenton, 
NJ). Lungs from rats insufflated with IL-1 and IFN-X 24h before had increased numbers 
of airway and perivascular inflammatory cells compared to rats insufflated with saline, IL- 

30 1 or IFN-y. (C) Immunofluorescent detection of XOR inunimoreactive protein in paraffin 
embedded lung tissue sections using rhodamine conjugated anti-XOR antisera (XOR, 
panels A,C,E,G,I). Lung architecture was delineated by staining with FITC conjugated 
wheat germ agglutinin (WGA, panels B,D,F,H,J). Higher magnifications (Panels I and J) 
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depict increased XOR immunofluorescence primarily associated with the inflammatory 
cells in the alveolar space of rats insufflated with IL-1 and IFN-y. (D) Western 
immunoblot analysis of XOR protein in cells recovered from the BALF of cytokine 
insufflated rats. Antibody to rat |3-actin was used to control for gel loading. Data are 
5 shown for two rats in each group. XOR protein was elevated in the BALF cells following 
BL-l and IFN-y insufflation compared to the response observed following saline, IL-1 or 
WNrt insufflation. (E, F) Quantitation of D-form and O-form XOR in BALF cells 
recovered from cytokine insufflated rat lungs. D-form XOR activity (e) was increased in 
the BALF cells from rats insufflated with IL-1 and IFN-y compared to rats insufflated 

10 with saline (p<0.02), IL-1 or IFN.-y alone. XOR was recovered in predominantly O-form 
in BALF cells from rats insufflated with IL-1 and IFN-y (F). Data show the mean and 
standard error for 6 rats in each group. 

Figures 3A-E. Induction of XOR in the infiltrating and differentiating MNP. (A) 
Differential analysis of inflammatory cells recovered sequentially over an 18 day time 

15 course from the lungs of rats insufflated with IL-1 and IFN-y. (B) FACS analysis of cells 
recovered from the BALF of IL-1 and IFN-y insufflated rats. As described in detail in the 
text, BALF cells were stained with the monocyte and neutrophil marker, GDI lb, or the 
alveolar macrophage marker, EDI, and were then analyzed by FACS. Ten thousand cells 
were analysed for each staining reaction and representative scatter diagrams are depicted 

20 for each time point. For each fluorescence curve, cell nimibers are plotted on the ordinate 
and fluorescence intensity on the abscissa. Filled curves represent net fluorescence while 
the black line indicates fluorescence due to the non-specific antisera. In the scatter 
diagrams, forward scatter is plotted along the abscissa and side scatter along the ordinate. 
These data demonstrate the rapid influx of neutrophils and monocytes and the maturation 

25 of monocytes in the lung following cytokine insufflation. (C) Western immunoblot 

analysis of PercoU-gradient purified neutrophils and MNP recovered from the BALF of 
rats 24 hours following insxifflation with IL-1 and IFN-y shows the expression of XOR in 
MNP but not neutrophils (D, E) Quantitation of D-form (D) and O-form (E) XOR in 
adherent MNP recovered over a 24 hour time course from rats insufflated with IL-1 and 

30 IFN-y. Data show the mean and standard error for three rats at each time point. The inset 
depicts a western immunoblot showing increased XOR activity for cells recovered at each 
time point. Cells recovered fix)m the BALF of rats insufflated with saline alone 8 or 24 
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hours previously (sham treated controls) showed only negligible XOR activity and 
immvuioreactivity (not shown) similar to that observed at the 0 time control. 

Figures 4A-H. Effect of tungsten or allopurinol feeding on lung and MNP XOR, 
BALF cell numbers, MNP nitrotyrosine staining, and alveolar cell apoptosis. Lxmg XOR 
5 activity (A), MNP XOR activity (B), BALF cell number (C), lung histologic 

abnormalities (D), MNP nitrotyrosine staining (E), and alveolar cell apoptosis (F^GyH) 
were all increased (**, p<0.02) following insufflation of IL-1 and IFN-y compared to 
saline insufflation. In contrast, rats fed tungsten or allopurinol diets prior to IL-1 and IFN- 
. Y insufflation had decreased (* p<0.05 or ** p<0.02) lung XOR activity (A), MNP XOR 

10 activity (B), BALF cell numbers (C), lung histologic abnormalities (D), MNP 

nitrotyrosine staining (E), alveolar cell TUNEL stain (F,G), and alveolar cell caspase-3 
activation (H) compared to rats fed a control diet and then insufflated with IL-1 and IFN- 
7. Nitrotyrosine immunofluorescence staining (E) was conducted on lung tissue sections 
24 hours following IL-1 and IFN-y insufflation. Nitrotyrosine immuno-fluorescence is 

15 shoAvn in red and tissue architecture in green and blue. AUopminol and tungsten 
inhibition of MNP nitrotyrosine immunofluorescence and the effect of nitrotyrosine 
prebinding (NT pre-binding) are also shown (E). These data demonstrate increased 
oxidative stress in the lungs of rats insufflated with IL-1 and IFN-y and that 
immunofluorescence in the alveolar located MNP was attenuated by prior inhibition of 

20 XOR. In Figure (G), panels 1 and 2 show higher magnification fields of fluorescence 
TUNEL staining associated with alveolar cells. Each data point in the quantitative 
TUNEL assay represents the counting of at least 8,000 nuclei derived fix>m tandem serial 
sections of clearly identifiable alveolar cells. Data were acquired for each tissue slice by 
counting 200 nuclei per field and 20 fields per slide in parallel transects across each slide. 

25 These data demonstrate the quantitative increase in TUNEL stain following cytokine 

insufflation and the subsequent decrease in TUNEL stain in rats previously fed allopurinol 
or tungsten diets. Active caspase-3 (H) was quantitated in a similar fashion by coimting 
the percentage of activated caspase-3 positive cells per high field view in 20 fields per 
tissue for two rats in each group. Activated caspase-3 was increased in the lungs of rats 

30 insufflated with IL-1 and IFN-y compared to rats insufflated with saline i*"^^ p<0.02) or 
tungsten (*, p<0.05) or allopurinol (♦*, p<0.02) fed rats insufflated with IL-1 and IFN-ys. 
Since allopurinol dissociates fi'om XOR during preparation of the protein extracts, 
allopurinol inhibition of XOR was not assayed (n.d.) in Figures (A) and (B). 
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Figures 5A-C. MNP XOR augments lung inflammation in vivo. A lung 
inflammatory response was induced in rats with IL-1 and IFN-y insufflation. After 8 
hours, cells from BALF were recovered from each rat in PBS, pooled, and quantitated. 
Cells were then divided into two equivalent fractions and exposed to ImM KOH or 1 mM 
5 KOH with 150 |xM allopurinol in vitro. The neutral pH of the PBS and cell mixture was 
unchanged by adding ImM KOH. After 15 min, the cells were washed and resuspended 
in PBS. Subsequently, 2 x 10^ of control or allopurinol treated cells were insufflated into 
control rats. 24 hours after cell insufflation, BALF cells were recovered from these rats, 
Wright's stained and quantitated. Insufflation of untreated BALF cells increased the 

10 recovery of neutrophil 24h later (A) compared to insufflation of allopurinol treated BALF 
cells (B). Quantitation of neutrophils from both groups is shown in (C), The numbers of 
neutrophils recoverable in BALF from rats insufflated with control cells is significantly 
increased (* p<0.05) compared to the number of neutrophils recovered following 
insufflation of allopurinol treated cells. Data are the mean and standard error of 6 rats in 

15 each group. 

Figures 6 A-D. XOR Was Induced in the Adherent, Interstitial, and Parenchymal 
MNP by Cytokine Insufflation. High levels of O-form XOR were demonstrated in the 
MNP recovered by lavage following IL-1 and IFN-y induced Ixmg inflammation in rats 
(Wright et al., 2004), and these cells exhibited excess protein nitration and promoted 

20 allopurinol inhibitable alveolar cell apoptosis and neutrophil recruitment. Since IL-1 and 
IFN-y could promote MNP adhesion to the respiratory epithelium, adjacent paraffin 
embedded lung tissue specimens were examined for XOR immunoreactive protein and the 
macrophage specific markers, EDI and ED2. Twenty four hours following cytokine 
insufflation XOR immunoreactive protein was detected in MNP in several lung 

25 compartments. Figure 6 shows that XOR colocalized with the MNP markers EDI and 
ED2 in the AM and in the MNP found in the perivascular tissue space, the interstitial 
alveolar compartment, and in MNP adherent to the alveolar epithelium. These 
observations are consistent with the involvement of XOR in COPD, which is now well 
recognized, and other interstitial lung diseases. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
DEFINITIONS 

As is generally the case in biotechnology and chemistry, the description of the 
present invention has required the use of a number of terms of art. Although it is not 

5 practical to do so exhaustively, definitions for some of these terms are provided here for 
ease of reference. Unless defined otherwise, all technical and scientific terms used herein 
have the same meaning as commonly understood by one of ordinary skill in the art to 
which this invention belongs. Definitions for other terais also appear elsewhere herein. 
However, the definitions provided here and elsewhere herein should always be considered 

10 in determining the intended scope and meaning of the defined terms. Although any 

methods and materials similar or equivalent to those described herein can be used in the 
practice of the present invention, the preferred methods and materials are described. 

As used herein, the term "agent" refers to any compound which is 
pharaiacologically active and/or modulates XOR activity in leukocytes in vitro or in vivo, 

15 The terms "compound** and "agent" are used interchangeably except where specifically 
indicated. Where a difference is intended, such will be made clear. Accordingly, the 
agents of the present invention are those which modulate at least one function or 
characteristic of an XOR protein. The ability of an agent to modulate such a function can 
be demonstrated in a binding assay (e.g., ligand binding or agonist binding), a signalling 

20 assay, a catalytic assay and/or cellular response function, for example, stimulation of 
chemotaxis, exocytosis or inflammatory mediator release by leukocytes and leukocyte 
precursor cells. 

The agent may modulate XOR bioactivity. Agents may act on any of a variety of 
different levels to affect XOR activity or bioactivity, including regulation of XOR gene 
25 expression at the promoter region (for example, transcription factors), regulation of 
mRNA splicing mechanisms, stabilization of mRNA, phosphorylation of proteins for 
translation, translation, conversion of XDH to XOR, conversion of XDH to XOR, 
secretion of XOR, release of XOR, XOR half-life, XOR stability, XOR degradation, and 
XOR catalytic ability. The invention envisions modulating XOR activity at every level in 
30 leukocytes and their precursor cells. 

Inhibitor. As used herein, the term "inhibitor" refers to a compound which 
decreases, or completely inhibits, a chemical reaction. Here, the term inhibitor refers to 
compounds which competitively and/or non-competitively inhibit XOR. Inhibitors 
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include those compounds which inhibit the molybdenum center of XOR by binding 
thereto. Inhibitors also include those compoimds which displace molybdenum from the 
molybdenum cofractor necessary for the activity of XOR. 

Inhibition. As used herein, the term "inhibition" refers to a decrease in XOR 
5 activity which results from contacting the enzyme with the inhibitor. 

Modulate. As used herein, the term "modulate" refers to a change, such as a 
decrease or increase in an existing cellular condition, such as XOR activity or 
inflammation, or amount of an enzyme, such as the amount of XDH or XOR. 

Mononuclear phagocytes. As used herein, the term "mononuclear phagocytes" 
10 [MNPs] refers to cells derived from differentiation of hematopoietic bone marrow stem 
cells which affect the course of inflammation. 

Pharmaceutically acceptable. As used herein, the term **phannaceutically 
acceptable" means that the agent is compatible with other ingredients of the formulation 
or composition and not injurious to the patient. Several pharmaceutically acceptable 
15 ingredients are known in the art and official publications such as THE UNITED STATES 
PHARMACOPEIA describe the analytical criteria used to assess the pharmaceutical 
acceptability of niunerous ingredients of interest. As used herein, the phrase 
"pharmaceutically acceptable salt(s),** means salt(s) formed from an acid and an XOR 
inhibitor. Preferred salts include, but are not limited to, sulfate, citrate, acetate, oxalate, 
20 chloride, bromide, iodide, nitrate, sulfate, bisulfate, phosphate, acid phosphate, 

isonicotinate, acetate, lactate, salicylate, citrate, acid citrate, tartrate, oleate, tannate, 
pantothenate, bitartrate, ascorbate, succinate, maleate, gentisinate, fumarate, gluconate, 
glticaronate, saccharate, formate, benzoate, glutamate, methanesulfonate, ethanesulfonate, 
benzenesulfonate, and p-toluenesulfonate. Many other salts are known to those of skill in 
25 the art and are envisioned for use herein with the inhibitors of the present invention. 

Preventing. As used herein, "prevention" or "preventing" refers to a reduction of 
the risk of acquiring inflammation. In one embodiment, an inhibitor of the invention is 
administered as a preventative measure to a subject. According to this embodiment, the 
subject can have a genetic or a non-genetic predisposition to inflanmiation. Accordingly, 
30 the agents of the invention can be used for the treatment of one manifestation of 
inflammation and prevention of another. See, for example, USPN 6,583,309. 

Subject. As used herein, the term "subject" broadly refers to any animal that is to 
be treated with the agents and by the methods disclosed herein. As used herein, the term 
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means an animal, including, but not limited, to a cow, monkey, horse, sheep, pig, chicken, 
turkey, quail, cat, dog, mouse, rat, rabbit, and guinea pig. In a preferred embodiment, the 
animal is a mammal, and, in a highly preferred embodiment, is a human. In a preferred 
embodiment, the term includes humans in need of, or desiring modulation of, XOR 
5 activity in leukocytes in vitro or in vivo. In another preferred embodiment, the term refers 
to himians in need of, or desiring modulation of inflammation. 

Treating. As used herein, the term "treatment" or "treating" refers to a modulation 
of, or a decrease in inflammation, or at least one discernible symptom thereof such as 
XOR activity, for example. In another embodiment, "treatment" or "treating" refers to a 

10 decrease of at least one measurable physical parameter, not necessarily discernible by the 
subject. In yet another embodiment, "treatment" or "treating" refers to inhibiting the 
progression of inflammation, either physically, such as, for example, stabilization of a 
discernible symptom, or physiologically, for example, the stabilization of a physical 
parameter such as XOR activity, or both. In yet another embodiment, "treatment" or 

15 "treating" refers to delaying the onset of inflammation. See, for example, USPN 
6,583,309. 

Vehicle. As used herein, the term "vehicle" refers to a diluent, adjuvant, excipient, 
or carrier with which a compound of the invention is administered. 

The invention includes a method of modulating inflammatory reactions involving 

20 leukocytes and leukocyte precursor cells in a subject comprising contacting a subject in 
need of said modulating with an amount of a xanthine oxidoreductase (XOR) inhibitor 
effective to modulate said inflammatory reaction involving leukocytes and leukocyte 
precursor cells in said subject. In one embodiment, the leukocytes and leukocyte 
precursor cells are selected firom the group consisting of mononuclear phagocytes, 

25 neutrophils and eosinophils. In another embodiment, the inflammatory reaction is a 
disease selected from the group consisting of chronic heart failure, cardiomyopathy, 
diabetes, pancreatic inflammation, liver inflammation, Crohn's disease, uveitis, acute lung 
injury, COPD, sarcoidosis, granulomatous lung inflammation (GLI), acute lymphoblastic 
leukemia (ALL), ischemia reperfusion injury, hemorrhagic shock and renal transplant 

30 rejection. In a preferred embodiment, the inflammatory disease is granulomatous lung 
inflammation. In a different preferred embodiment, the inflammatory disease is acute or 
chronic lung injury. In another embodiment, the oxidoreductase inhibitor is selected from 
the group consisting of allopurinol, oxypurinol, tungsten, amflutizole and (-)BOF-4272 
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([(-)-8-(3-methoxy-4-phenylsulfinylphenyl) pyrazolo (l,5-alpha)-l,3, 5-tria2ine-4- 
monohydrate]). 

The invention is also directed to a method of modulating XOR activity in 
leukocytes and leukocyte precursor cells comprising contacting said leukocytes and 
5 leukocyte precursor cells with an agent which modulates the expression, synthesis, 

degradation, secretion, release, half-life, conversion or catalysis of XOR in leukocytes and 
leukocytes precursor cells thereby modulating XOR activity. In one embodiment, the 
leukocytes and leukocyte precursor cells are selected from the group consisting of 
mononuclear phagocytes, neutrophils and eosinophils. In a preferred embodiment, the 

10 contacting occurs in vitro. In another preferred embodiment, the contacting occurs in 
vivo. In a different embodiment, the leukocytes and leuckocyte precursor cells are 
involved in inflanunatory reactions. In one embodiment, the inflanmiatory reaction is an 
inflammatory disease selected from the group consisting of chronic heart failure, 
cardiomyopathy, diabetes, pancreatic inflammation, liver inflammation, Crohn's disease, 

15 uveitis, acute lung injury, COPD, sarcoidosis, granulomatous limg inflammation (GLI), 
acute lymphoblastic leukemia (ALL), ischemia reperfiision injury, hemorrhagic shock and 
renal transplant rejection. In one preferred embodiment, the inflanmiatory disease is 
granulomatous lung inflammation. In another preferred embodiment, the inflammatory 
disease is acute lung injury. In a different embodiment, the agent is selected from the 

20 group consisting of allopurinol, oxypurinol, tungsten, amflutizole and (-)BOF-4272. 

Also included in the invention is a method of modulating inflanmiatory reactions 
involving leukocytes and leukocyte precursor cells in a subject comprising contacting said 
subject in need of said modulating with an amount of an agent which is effective to 
modulate the expression, synthesis, degradation, secretion, release, half-life, conversion or 

25 catalysis of XOR in leukocytes and leukocyte precursor cells thereby modulating said 

inflammatory reactions. In one embodiment, the leukocytes and leukocyte precursor cells 
are selected from the group consisting of mononuclear phagocytes, neutrophils and 
eosinophils. In a different embodiment, the inflammatory reaction is an inflammatory 
disease selected from the group consisting of chronic heart failure, cardiomyopathy, 

30 diabetes, pancreatic inflammation, liver inflammation, Crohn's disease, uveitis, acute lung 
injury, COPD, sarcoidosis, granulomatous lung inflammation (GLI), acute lymphoblastic 
leukemia (ALL), ischemia reperfiision injury, hemorrhagic shock and renal transplant 
rejection. In a preferred embodiment, the inflammatory disease is granulomatous lung 
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inflammation. In another preferred embodiment, the inflammatory disease is acute lung 
injury. In yet another embodiment, the agent is selected from the group consisting of 
allopurinol, oxypurinol, tungsten, amflutizole and (-)BOF-4272. 

The invention is further directed to a method of modulating cytokine-induced 
5 inflammation in a subject comprising a) removing leukocytes and leukocyte precursor 
cells from said subject to form a population of leukocytes and leukocyte precursor cells; 
b) contacting said population of leukocytes and leukocyte precursor cells formed in part a) 
with an effective amount of one or more agents to obtain a treated cell population, 
wherein said one or more agents are effective to modulate the expression, synthesis, 

10 degradation, secretion, release, half-life, conversion or catalysis of XOR in leukocytes and 
leukocyte precursor cells; and, c) administering said treated cell population of part b) to 
said subject; wherein said administered cell population modulates said cytokine-induced 
inflammation in said subject. In one embodiment, the leukocytes and leukocyte precursor 
cells are selected from the group consisting of mononuclear phagocytes, neutrophils and 

15 eosinophils. In a different embodiment, the agent is an inhibitor. In a preferred 

embodiment, the inhibitor is selected from the group consisting of allopurinol, oxypurinol, 
tungsten, amflutizole and (-)BOF-4272. 

Inflammatory Reaction. The cardinal signs of an inflammatory reaction are 
redness (rubor), heat (calor), pain (dolor), swelling (edema)and loss of function (functio 

20 laesa). Inflammation can be produced by infectious (bacteria, viral, fungal, etc.) and non- 
infectious insults, such as heat, cold, radiant energy, electrical, chemical or trauma. 
Inflammation may be acute or chronic, localized or systemic. See, for example, Stanley L. 
Robbins. The Pathologic Basis of Disease, WB Saunders Company Philadelphia, London, 
and Toronto, pp 57-105,1974 and V. Kumar, RS Cotran, and Robbins S.L., Saunders 7th 

25 edition. BASIC PATHOLOGY. Chapter 2 by R.N. Mitchell and R.S. Cotran. Acute and 
Chronic Inflammation, Pp 33-59, 2003. 
Agents 

Pharmaceutically acceptable vehicles. When administered to a subject, an agent, 
including inhibitors, of the invention is preferably administered as a component of a 
30 composition that comprises a pharmaceutically acceptable vehicle. The present 

compositions, which comprise a compoimd of the invention, may be administered orally. 
The compositions of the invention may also be administered by any other convenient 
route, for example, by infusion or bolus injection, by absorption through epithelial or 

22 



wo 2005/030138 



PCT/US2004/031478 



mucocutaneous linings (e,g,, oral mucosa, rectal, and intestinal mucosa, etc.) and may be 
administered together with another biologically active agent. Administration can be 
systemic or local. Various delivery systems are knovsm, for example, encapsulation in 
liposomes, microparticles, microcapsules, capsules, etc., and can be used to administer the 
5 compounds of the invention. Other delivery systems known in the art are envisioned in 
use of the present invention. 

Acceptable pharmaceutical vehicles can be liquids, such as water and oils, 
including those of petroleum, animal, vegetable or synthetic origin, such as peanut oil, 
soybean oil, mineral oil, sesame oil and the like. The pharmaceutical vehicles can be 

10 saline, gum acacia, gelatin, starch paste, talc, keratin, colloidal silica, urea, and the like. 
In addition, auxiliary, stabilizing, thickening, lubricating and coloring agents may be used. 
When administered to a subject, the pharmaceutically acceptable vehicles are preferably 
sterile. Water is a preferred vehicle when the compound of the invention is administered 
intravenously. Saline solutions and aqueous dextrose and glycerol solutions can also be 

15 employed as liquid vehicles, particularly for injectable solutions. Suitable pharmaceutical 
vehicles also include excipients such as starch, glucose, lactose, sucrose, gelatin, malt, 
rice, floxir, chalk, silica gel, sodium stearate, glycerol monostearate, talc, sodium chloride, 
dried skim milk, glycerol, propylene, glycol, water, ethanol and the like. The present 
compositions, if desired, can also contain minor amounts of wetting or emulsifying agents, 

20 or buffering agents. See, for example, USPN 6,583,309. 

The present compositions can take the form of solutions, suspensions, emulsion, 
tablets, pills, pellets, capsules, capsules containing liquids, powders, sustained-release 
formulations, suppositories, emulsions, aerosols, sprays, suspensions, or any other form 
suitable for use. In one embodiment, the pharmaceutically acceptable vehicle is a capsule 

25 (see, for example, U.S. Pat. No. 5,698,1 55). Other examples of suitable phamiaceutical 
vehicles are described in Remington's Pharmaceutical Sciences, Alfonso R. Gennaro ed.. 
Mack Publishing Co. Easton, Pa., 19th ed., 1995, incorporated herein by reference in its 
entirety. See, particularly pages 1447-1676 and for example, USPN 6,583,309. 

In a preferred embodiment, the compounds of the invention are formulated in 

30 accordance with routine procedures as a pharmaceutical composition adapted for oral 
administration to human beings. Compositions for oral delivery may be in the form of 
tablets, lozenges, aqueous or oily suspensions, granules, powders, emulsions, capsules, 
syrups, or elixirs, for example. Orally administered compositions may contain one or 
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more agents, for example, sweetening agents such as fiiictose, aspartame or saccharin; 
flavoring agents such as peppemiint, oil of wintergreen, or cherry; coloring agents; and 
preserving agents, to provide a pharmaceutically palatable preparation. Moreover, where 
in tablet or pill form, the compositions can be coated to delay disintegration and 
5 absorption in the gastrointestinal tract thereby providing a sustained action over an 

extended period of time. Selectively permeable membranes surrounding an osmotically 
active driving compound are also suitable for orally administered compositions. In these 
devices, fluid fix>m the environment surrounding the capsule is imbibed by the driving 
compound, which swells to displace the agent or agent composition through an aperture. 

10 These devices can provide an essentially zero order delivery profile as opposed to the 

spiked profiles of immediate release formulations. A time delay material such as glycerol 
monostearate or glycerol stearate may also be used. Oral compositions can include 
standard vehicles such as mannitol, lactose, starch, magnesium stearate, sodium 
saccharine, cellulose, magnesium carbonate, etc. Such vehicles are preferably of 

15 pharmaceutical grade. Typically, compositions for intravenous administration comprise 
sterile isotonic aqueous buffer. Where necessary, the compositions may also include a 
solubilizing agent. 

Methods of Administration 

20 In certain embodiments, an agent of the invention is administered to a subject 

preferably a human, as a preventative measure against inflammation. Methods of 
administration include but are not limited to intradermal, intramuscular, intraperitoneal, 
intravenous, subcutaneous, intranasal, epidural, oral, sublingual, intranasal, intravaginal, 
transdermal, rectally, by inhalation, or topically, to the skin. The mode of administration 

25 is left to the discretion of the practitioner. In most instances, administration will result in 
the release of a compound of the invention into the bloodstream. 

Dosage forms 

In dosage forms, the agent can be provided as a powder by fi-eeze drying, spray 
30 drying, or the like. Alternatively, it is possible to incorporate the agent into solutions, 
tablets, granules, dragees, capsules, suspensions, emulsions, ampules, injections, and the 
like. In certain embodiments, the present compositions can comprise one or more 
compounds of the invention. 
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Pulmonary administration can also be employed, for example, by use of an inhaler 
or nebulizer, and formulation with an aerosolizing agent, or via perfusion in a 
fluorocaibon or synthetic pulmonary surfactant. In certain embodiments, the compounds 
of the invention can be formulated as a suppository, with traditional binders and vehicles 
5 such as triglycerides. 

In another embodiment, the compounds of the invention can be delivered in a 
vesicle, in particular a liposome. In yet another embodiment, the compounds of the 
invention can be delivered in a controlled release system such as a pxmip for example. In 
another embodiment, polymeric materials can be used. In yet another embodiment, a 

10 controlled-release system can be placed in proximity of a target of a compound of the 
invention, e.^., a particular RNA, thus requiring only a fraction of the systemic dose. 

In another embodiment, the compounds of the invention can be formulated for 
intravenous administration. Compositions for intravenous administration may optionally 
include a local anesthetic such as lignocaine to lessen pain at the site of the injection. 

15 Generally, the ingredients are supplied either separately or mixed together in unit dosage 
form, for example, as a dry lyophilized powder or water free concentrate in a hermetically 
sealed container such as an ampoule or sachette indicating the quantity of active agent. 
Where the compounds of the invention are to be administered by infusion, they can be 
dispensed, for example, with an infusion bottle containing sterile pharmaceutical grade 

20 water or saline. Where the compounds of the invention are administered by injection, an 
ampoule of sterile water for injection or saline can be provided so that the ingredients may 
be mixed prior to administration. 

The amount of a compound of the invention that will be effective in the treatment 
of a particular type of inflammatory disease or disorder and will depend on the nature of 

25 the disorder or condition, and can be determined by standard clinical techniques. In 
addition, in vitro or in vivo assays may optionally be employed to help identify optimal 
dosage ranges. The precise dose to be employed will also depend on the route of 
administration, and the seriousness of the disease or disorder, and should be decided 
according to the judgment of the practitioner and each patient's circumstances. However, 

30 suitable dosage ranges for oral administration are generally about 0.001 milligram to 
about 200 milligrams of a compound of the invention or a pharmaceutically acceptable 
salt thereof per kilogram body weight per day. In specific preferred embodiments of the 
invention, the oral dose is about 0.01 milligram to about 100 milligrams per kilogram 
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body weight per day, more preferably about 0. 1 milligram to about 75 milligrams per 
kilogram body weight per day, more preferably about 0.5 milligram to 5 milligrams per 
kilogram body weight per day. The dosage amounts described herein refer to total 
amounts administered; that is, if more than one compound of the invention is 
5 administered, or if a compound of the invention is administered with a therapeutic agent, 
then the preferred dosages correspond to the total amount administered. Oral compositions 
preferably contain about 10% to about 95% active ingredient by weight. 

Suitable dosage ranges for intravenous (i.v.) administration are about 0.01 
milligram to about 100 milligrams per kilogram body weight per day, about 0.1 milligram 
10 to about 35 milligrams per kilogram body weight per day, and about 1 milligram to about 
10 milligrams per kilogram body weight per day. Suitable dosage ranges for intranasal 
administration are generally about 0.01 pgAcg body weight per day to about 1 mg/kg body 
weight per day. Suppositories generally contain about 0.01 milUgram to about 50 
milligrams of a compound of the invention per kilogram body weight per day and 
15 comprise active ingredient in the range of about 0.5% to about 10% by weight. 

Recommended dosages for intradermal, intramuscular, intraperitoneal, 
subcutaneous, epidural, sublingual, intracerebral, intravaginal, transdermal administration 
or administration by inhalation are in the range of about 0.001 milligram to about 200 
milligrams per kilogram of body weight per day. Suitable doses for topical administration 
are in the range of about 0.001 milligram to about 1 milligram, depending on the area of 
administration. Effective doses may be extrapolated from dose-response curves derived 
from in vitro or animal model test systems. Such animal models and systems are well 
known in the art. See, for example, USPN 6,583,309. 

The compounds of the invention are preferably assayed in vitro and in vivo, for the 
desired therapeutic or prophylactic activity, prior to use in humans. For example, in vitro 
assays can be used to determine whether it is preferable to administer a compound of the 
invention alone or in combination with anotfier compoimd of the invention and/or a 
therq>eutic agent. Animal model systems can be used to demonstrate safety and efficacy. 
Other methods will be known to the skilled artisan and are within the scope of the 
invention. 
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Combination Therapy 

In certain embodiments of the present invention, a compound of the invention can 
be used in combination therapy with at least one other therapeutic agent. The compoxmd 
of the invention and the therapeutic agent can act additively or, more preferably, 
5 synergistically. In a preferred embodiment, a composition comprising a compoimd of the 
invention is administered concurrently with the administration of another therapeutic 
agent, which can be part of the same composition as or in a different composition from 
that comprising the compound of the invention. In another embodiment, a composition 
comprising a compound of the invention is administered prior or subsequent to 

10 administration of another therapeutic agent. As many of the disorders for which the 
compounds of the invention are useful in treating are chronic, in one embodiment 
combination therapy involves alternating between administering a composition 
comprising a compound of the invention and a composition comprising anotitier 
therapeutic agent, for example, to minimize the toxicity associated with a particular drug, 

15 The duration of administration of the compound of the invention or therapeutic agent can 
be, e.^., one month, three months, six months, a year, or for more extended periods. In 
certain embodiments, when a compound of the invention is administered concurrently 
with another therapeutic agent that potentially produces adverse side effects including, but 
not limited to, toxicity, the therapeutic agent can advantageously be administered at a dose 

20 that falls below the threshold at which the adverse side is elicited. See, for example, 
USPN 6,583,309. 

Agents to be screened in the practice of the invention include, but are not limited 
to, compoimds that are products of rational drug design, such as small molecule inhibitors, 
natural products and compounds having defined, undefined, or partially defined activity. 

25 An agent can be a protein-based compound, a carbohydrate-based compound, a 

lipid-based compound, a nucleic acid-based compoimd, a natural organic compoimd, a 
synthetically derived organic compound, an anti-idiotypic antibody and/or catalytic 
antibody, and fragments thereof. An agent can be obtained, for example, from libraries of 
natural (See, for example, USPN 6,589,573) or synthetic compounds, in particular from 

30 chemical or combinatorial libraries (i.e., libraries of compounds that differ in sequence or 
size but that have the same building blocks; see for example, USPNs 5,010,175 and 
5,266,684) or by rational drug design. Many therapeutic agents are known in the art. See, 
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for example. Remington: The Science and Practice of Pharmacy, 1 995, Mack Publishing 
Co., Easton, PA. 

The invention also provides pharmaceutical packs or kits comprising one or more 
vessels containing a compound of the invention. Optionally associated with such 
5 container(s) can be a notice in the form prescribed by a governmental agency regulating 
the manufacture, use or sale of pharmaceuticals or biological products, which notice 
reflects approval by the agency of manufacture, use or sale for human administration. In a 
certain embodiment, the kit contains more than one compound of the invention. In 
another embodiment, the kit comprises a compound of the invention and additionally one 
10 or more compoimds having therapeutic activity. 

Once agents which modulate XOR activity are identified, the agents are further 
studied both in in vitro and in vivo systems. Such systems are known in the art and are 
described herein. 

ROS derived from the expression and conversion of XOR in the differentiating 

15 MNP potentiates the inflammatory response. Analysis of IL-8 gene expression in MNP 
indicates that it is activated in response to ROS via NF-kB and AP-1 mechanisms (120- 
123,128) and may, therefore, be sensitive to intracellular ROS. Given the broad reactivity 
of the pathways sensitive to intracellular redox signaling, it is presently impossible to 
anticipate specific targets of XOR derived ROS. However, in the broadest terms, 

20 intracellular ROS derived from MNP XOR could promote inflammation through the 
oxidative activation of pro-inflammatory cytokines or chemokines. 

Acute lung injiuy (ALI) is a highly fatal inflammatory disorder characterized by 
increased alveolar cytokine expression, neutrophil and monocyte recmitment into the 
lung, macrophage activation, oxidative stress, alveolar cell apoptosis, and lung edema 

25 (1,2). Bronchoalveolar lavage fluid (BALF) from ALI patients contains increased 

concentrations of numerous cytokines and chemokines including IL-1, IFN-y IL-6, IL-8, 
TNF-a, IL-10, TGF-P, and MCP-1 (3-5). While the contribution of individual cytokines 
to the pathophysiology of ALI is not understood, intratracheal insufflation of DL-l in rats 
produces lung inflammation with many characteristics typical of ALL For example, in 

30 rats, IL-1 insufflation increased lung edema, BALF protein levels, limg neutrophil 

recraitment, and oxidative stress (6,7). In cultured lung epithelial cells, IL-1 stimulated 
expression of inflammatory chemokines (IL-8, MCP-1) and adhesion molecules (ICAM- 
1) (8) suggesting its potential role in inflammatory cell recruitment. Likewise, 



28 



wo 2005/030138 



PCT/US2004/031478 



insufflation of IFN-y (9), or its induced expression as a Clara cell transgene (10), also 
promoted inflammation and macrophage activation in the lung. Therefore, EFN-y may 
also contribute to many of the events that arise during lung inflammation including the 
stimulation of inflanunatory cell recruitment (11,12) and the induction of alveolar 

5 epithelial cell apoptosis (13). While neutrophils are widely recognized as possible 
mediators of ALI pathophysiology (14,15), alveolar macrophages also appear to 
contribute to ALI as sources of proinflammatory cytokines (IL-1), chemokines (IL-8, 
MCP-1), and reactive oxygen species (ROS) (1,2). The recruitment, infiltration, and 
differentiation of monocytes into macrophages are important steps in the life cycle of the 

10 mononuclear phagocytes (MNP) (16-18) that may also impact ALL Oxidative stress is a 
common feature of ALI whose contribution to pathogenesis is not well understood (19- 
22), and while ROS can be derived from many sources diiring inflammation, xanthine 
oxidoreductase (XOR) emerged as a possible source becaxise it and its substrate, 
hypoxanthine, are elevated in the blood and lung lavage of patients with ALI (23-25). 

15 Furthermore, feeding animals tungsten or allopurinol, XOR inhibiting diets, reduced ALI 
induced by hemorrhage (26-28) and vascular permeability induced by 
ischemia/reperfusion (29). XOR generates ROS with high efficiency following proteolytic 
or oxidative conversion of D-form XOR (xanthine dehydrogenase, XDH) to O-form XOR 
(xanthine oxidase, XO). While proteolytic conversion of D-form to O-form has been well 

20 studied in vitro (30,3 1 ), XOR conversion by thiol oxidation may be a key biological 
mediator because it is both reversible and potentially subject to regulation. XOR thiol 
oxidation can be reversed by incubation with reducing agents, like dithiothreitol, to 
produce D-form XOR (32), and rat liver O-form XOR content has been directly linked to 
reduced glutathione status (33). O-form XOR is an efficient source of the superoxide 

25 anion (O2") (34,35) that can promote protein tyrosine nitration by reacting with nitric 
oxide (NO) to form peroxynitrite (ONOO), the nitrating species (36,37). Protein 
nitrotyrosine is a relatively stable modification that provides in vivo evidence of the 
concomitant presence of NO and O2'' (38,39). 

Alveolar epithelial cell apoptosis has been recognized in the lungs of patients with 

30 ALI and in animal models that develop ALI (1,2), can be induced by oxidative stress, and 
may be responsible for loss of alveolar epithelial fimction (2). Unlike necrosis, apoptotic 
cell death involves the ordered activation of effector caspases, such as caspase-3, and the 
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activation of endonucleases that generate DNA nicks that are routinely assayed by 
fluorescence TUNEL stain (40). 

The potential relationship between inflammation and XOR activation was 
reinforced by the observation that pro-inflammatory cytokines, IL-1 and IFN-y, induced 
5 XOR in cultured epithelial cells (41-44) while intraperitoneal injection of IFN-y induced 
XOR in the lung (45). 

The following examples are illustrative of preferred embodiments of the invention 
and are not to be construed as limiting the invention thereto. 

10 EXAMPLES 
EXAMPLE 1 

In the present work, we hypothesized that insufflation of IL-1 and IFN-y would 
induce lung XOR activity and contribute to lung inflammation. Our data not only 
supported this premise, but revealed XOR induction in the differentiating MNP that 
15 increased rapidly in the alveoli following cytokine insufflation. Importantly, MNP XOR 
induction, MNP oxidative stress, lung inflammation, and alveolar cell apoptosis were all 
attenuated in rats fed tungsten or allopurinol diets. Cell transfer experiments provided 
additional evidence for the potential contribution of MNP XOR in the inflammatory 
process. 

20 Methods. Most reagents, sodium tungstate, buffers, substrates, and inhibitors 

were purchased from Sigma Chemical Company (St Louis MO, USA). Recombinant rat 
interleukin-l-a (IL-1; 500-RL-005) and interferon-y (IFN-y; 285-IF-lOO) were purchased 
from R&D Systems (Minneapolis, MN). TUNEL staining kits were obtained from 
Trevigen, Inc. (Gaithersburg, MD). Nitrotyrosine and immunoaffinity purified anti- 

25 nitrotyrosine antibody (IgG) were purchased from UpState Biotechnology (Lake Placid, 
NY). Alexa Flour-488 and Alexa Flour-594 fluorescent antibodies were purchased from 
Molecular Probes (Eugene, OR). Normal goat serum was obtained from ICN Biomedicals 
(Aurora, OH). 

Intratracheal cytokine insufflation. Healthy male Sprague-Dawley rats (300- 
30 400 g body weight, Sasco, Omhaa, NE) were fed control, tungsten enriched, or allopurinol 
supplemented diets as previously described (46,47). IL-1 and/or IFN-y were delivered 
intratracheally into anesthetized rats as described previously (7). Dose-response 
optimization of IL-1 revealed no fruther inflammatory response to IL-1 at doses beyond 
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100 ng, and since the difference between 100 ng and 50 ng was small, 50 ng per rat was 
selected for use in the present experiments. Similar experiments and results were obtained 
with IFN-y, which was subsequently tested in high and low dose in combination with IL- 
1. Routinely, 50 ng of recombinant rat IL-la and/or 50 ng of IFN-y in 0.5 mis of normal 

5 saline were pumped into the airway. Sham treated control rats were insufflated with 

noraial saline alone. Differential and total inflammatory cell counts were determined on 
BALF obtained 24 hours following cytokine insufflation (6,7). TUNEL, nitrotyrosine 
staining, histology, and immunofluorescence were performed on limgs harvested 24 hours 
following cytokine insufflation. Lungs were perfused until blood free, removed 

10 surgically, and divided. One fraction was immediately fixed in paraformaldehyde for 
histology, TUNEL, or nitrotyrosine staining. One fraction was frozen immediately in 
liquid N2 for subsequent biochemical analyses. Livers were obtained from each rat, 
perfused blood-free, and immediately frozen in Uquid N2. BALF cells were collected 
from separate rats by pumping 5.0 mis of normal saline into the trachea. Lavage fluid was 

IS pumped in and out of the lung three times before being collected. The use of rats in this 
study was approved by the University of Colorado Institutional Review Board under the 
protocol number 4980 199(04) IE. 

Xanthine oxidoreductase assay. Total XOR activity in lung and liver tissue was 
determined using whole tissue protein extracts. Briefly, tissues that had been perfused 

20 blood free were placed into liquid N2 and stored at -80®C prior to generating enzyme 
extracts. Enzyme extracts were prepared by placing frozen specimens in extract buffer 
(100 mM K-Phosphate, pH 7.8, ImM EDTA, ImM PMSF). Tissues were thawed in 
extract buffer on ice and minced. Minced tissues were broken in a rotating doimce using 
exactly three strokes of the pestle. Tissue homogenates were then centrifuged at 15,000 x 

25 g at 4^C for 30 min. Clarified extracts were desalted on 2 cm x 20 cm Sephadex G25 
columns to remove low molecular weight substances that potentially interfere with 
enzyme activity (48), and 3 ml of the flow through front were collected. Allopurinol 
inhibitable XOR activity was determined spectroscopically by measuring uric acid 
formation from xanthine at 290 nm. The stability of uric acid added to the flow through 

30 fraction was determined in the presence and absence of the uricase inhibitor, oxonic acid 
(OA). Because these analyses revealed high levels of uricase in rat lung and liver extracts, 
XOR assays were performed in the presence of 0.8mM OA. Evaluation of D-form XOR 
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and O-form XOR was determined by measuring enzymatic activity in the presence and 
absence of NAD+ (49). 

Tissue fixation, immunostaining, and microscopy. Lung tissue was fixed in 
10% neutral-buffered formalin overnight and embedded in paraffin. Four micron sections 

5 were prepared and hydrated by exposure to xylene for 2 - five minute periods followed by 
sequential 1 minute exposures to 100%, 90%, 70% and 30% ethanol and finally to 
phosphate buffered saline (PBS) for 5 min. Hydrated sections were either stained with 
H&E or prepared for antibody staining using the antigen retrieval procedure (Vector Labs, 
Burlingame, CA) according to the manufacturer's instructions. Sections were blocked and 

10 permeablized by incubation in PBS containing 0.2% glycine for 30 min followed by PBS 
containing, 5% goat serum and 0.1 mg/ml saponin for 1 hour and then incubated with anti- 
mouse XOR antibodies (1/100) at room temperature for 1 hour. Immunoreactivity was 
detected using a Cy 3 conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch, West 
Grove, PA) secondary antibody (1/150) and visualized with a Nikon Diaphot inverted 

15 fluorescent microscope. Anti-XOR antibodies used for immuno-cytochemistry were 
generated against affinity purified XOR (49) and purified on Protein-A sepharose. 
Specificity of the XOR antibody was demonstrated by Western immimoblot analysis of 
crude tissue extracts (49). 

Flow cytometric analyses. Cells were recovered firom the BALF by 

20 centrifiigation, washed in PBS, distributed at 2.5 x 10^ cells in PBS/5.0% PCS into 96 
well plates and then brought up to 100 uL with saline. All cells were pre-incubated for 5 
min on ice with mouse anti-rat CD32 monoclonal clone D34-485 (BD Pharmingen, San 
Jose, CA) to minimize non-specific binding. Phycoerythrin (PE) labelled anti-rat CDl lb 
clone MRC OX-42 (Biosource Xntemational, Camarillo, CA) and biotin-conjugated anti- 

25 rat MNP monoclonal clone 1C7 (BD-Pharmingen) were directly added to the wells 10 min 
in the dark on ice. The cells were washed in PBS/5.0% PCS followed by sedimentation 
for 5 min at 1200 rpm in a bench top Sorvall centrifiige and then incubated with either 
streptavidin-PE or streptavidin-FITC (both fi-om BD-Pharmingen) in the appropriate 
wells. Subsequently, the cells were washed, fixed with 2% paraformaldehyde in PBS and 

30 then washed again. Reacted and washed cells were then resuspended in PBS and analyzed 
on a FACSCalibur analyzer (Beckton-Dickinson, San Jose, CA). The gates were set by a 
blank and the appropriate controls were used to indicate non-specific binding. A total of 
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10,000 cells were acquired for each sample and analyzed with Cell Quest (Beckton- 
Dickinson) version 3.1 software. 

Lung nitrotyrosine staining. Paraffin embedded lung tissue sections were 
deparaffinized in ethanol and rehydrated in H2O and PBS. Slides were blocked with a 
solution of 7.5% normal goat serum, 2.5% p-casein, 0.1% triton X-100 for 3 hrs at room 
temperature. The primary anti-nitrotyrosine antibody was applied at a dilution of 1 : 1000 
for 15 min at room temperature in the blocking solution. Slides were then washed in PBS 
and the Alexa Flour goat anti-rabbit IgG was applied for 15 min at a dilution of 1 : 100 in 
the blocking solution at room temperature. Subsequently, the slides were washed 
extensively in PBS and stained with Hoescht dye for 5 min in PBS, after which they were 
washed in PBS, covered in Anti-Fade, and sealed under glass coverslips. Positive 
immunofluorescent controls were exposed to 24 to 77 mM peroxynitrite for 20 min at 
room temperature, washed with PBS, and then processed as above. Pre-binding negative 
controls were performed by mixing the anti-nitrotyrosine antibody with lOmM 
nitrotyrosine in PBS for one hour at room temperature prior to its addition to blocked 
slides. All subsequent steps were performed as above. Pre-binding blocked the reactivity 
of anti-nitrotyrosine antibody to nitrotyrosine but had no effect on heme-dependent 
autofluorescence of red blood cells. Slides were visualized imder red (nitrotyrosine), 
green (tissue architecture), and blue (nuclei) fluorescence using a Nikon Diaphot inverted 
confocal fluorescence microscope at 100 X magnification. Digitally derived blue and 
green photographs were combined with the MetaMoiph software and printed from 24 bit 
digital files, A black background was set consistently for each figure using a section of 
the open air-space in which no cells were present in the field. 

TUNEL staining and morphometric analysis. The TUNEL assay was used to 
detect apoptotic cells in fixed lung sections. After fixation with 4% buffered formalin, 
lung tissue sections were embedded in paraffin, sectioned at 5 uM, and mounted on glass 
slides. Slides were de-paraffinized, rehydrated for 10 min in PBS, and treated with 
0.002% proteinase K (Sigma) in distilled water for 5 to 15 min at room temperature. 
Teraiinal deoxynucleotidyl transferase (TdT) was used for labeling of DNA nicks using 
the TAGS kit (Trevigen, Inc., Gaithersburg, MD). Coimterstaining with DAPI was done 
to stain nuclear DNA and with Rhodamine coupled wheat germ agglutinin (WGA, 
Molecular Probes, Eugene, OR) to stain the structural architecture. TUNEL positive cell 
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Staining appeared as green fluorescence in the nuclei of clearly defined alveolar cells. 
Background nuclear staining appeared as blue while the tissue architecture was red. 

Activated caspase-3 detection. Detection of the cleaved, mature, activated 
caspase-3 was performed on paraffin-embedded sections using the Cell Signaling 
5 Technology, Inc (Beverly, Mass) protocol. First, paraffin-embedded slides were 

deparaffitiized and rehydrated. Incubation with 1% H2O2 for 10 min blocked endogenous 
peroxidase activity. For antigen unmasking, the tissue sections were microwaved in 
lOmM sodium citrate buffer (pH 6,0) for 10 min. Next, the sections were blocked in 5% 
goat serum for Ihr at room temperature. Slides were then incubated at 4°C overnight with 

10 caspase-3 antibody specific for the cleaved, mature, forai of caspase-3 diluted 1 :200 in 
phosphate buffered saline (Asp- 175; Cell Signaling Technology, Inc). This was followed 
by a 30 min incubation with a 1:200 dilution of goat anti-rabbit antibody (PK-6101 ; 
Vector Laboratories, Burlingame, Calif). A subsequent 30 min incubation with 
VectaStain Elite ABC reagent (PK-6101; Vector Laboratories) ensued. This reaction was 

15 followed by the addition of the DAB substrate kit for peroxidase (SK-41 00; Vector Labs). 
The slides were finally counterstained with hematoxylin (H-3401; Vector Labs), 
dehydrated and mounted. Caspase-3 positive cells were quantitated by counting the 
percent positive alveolar cells per field under lOOX magnification. 

SDS-PAGE and immunoblot analysis. Protein was electrophoresed on SDS- 

20 PAGE and transferred to nitrocellulose membranes (Osmonics, Inc, Minnetonka, MN). 
Membranes were sliced for staining with commassie brilliant blue or processed for 
immunoblot analysis. For reaction with antisera, membrane strips were blocked with 
0.05% dried milk overnight prior to reaction with preimmune sera or anti-XOR antisera. 
Antigen-antibody complexes were detected by reaction with an ECL Western blotting 

25 detection kit according to manufacturer's instruction (Amersham Life Sciences, 
Piscataway, NJ). 

Statistical analyses. Data are expressed as the mean and standard error of the 
mean and were assessed for significance using the Student's t-test. A p value of <0.05 
was considered significant. 
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Results 

XOR was induced in the lungs of rats following £L-1 and IFN-y insufflation 

XOR was quantitated in desalted whole-lung protein extracts obtained from lungs 
and livers of rats subjected to intratracheal insufflation with either IL-1 and IFN-y, IL-1, 
5 IFN-y, or saline (the cytokine vehicle). The combined insufflation of IL-1 and IFN-y 
produced a three-fold induction of total XOR activity 24 hours following cytokine 
insufflation compared to saline alone (Figure la). By comparison, there was an 
approximate doubling of XOR after IL-1 insufflation and a negligible response following 
IFN-y insufflation alone. In contrast, liver XOR did not increase following cytokine 
10 insufflation (Figure lb). Westem immunoblot analysis of lung protein extracts showed 
that limg XOR protein also increased several fold following insufflation with IL-1 and 
EFN-y (Figure Ic). XOR recovered from cytokine insufflated lung revealed no evidence 
of elevated proteolysis. 

15 XOR was recovered in predominantly O-form from the lungs of rats insufflated with 
IL-1 and IFN-y 

We quantitated the levels of O-form XOR in untreated or cytokine insufflated rat 
lungs. Untreated, normal rat lungs exhibited 23% O-form XOR, an amount that is typical 
of most rat tissues, while O-form XOR increased to 78% of the total XOR activity in 

20 limgs insufflated with IL-1 and IFN-y. In contrast, lung O-form content increased to 42% 
following saline insufflation, 57% following IL-1 insufflation and 52% following IFN-y 
insufflation (Figure Id). O-form XOR recovered from cytokine insufflated lungs was in a 
reversible state. Soluble lung protein extracts from insufflated rats were exposed to 5mM 
DTT at 37°C for one hour and were re-chromatographed on sephadex G25 after which D- 

25 form and O-form content was re-measured. Regardless of insufflation, O-form XOR in all 
lung samples was reduced to approximately 23% of the total XOR by DTT (Figure le). 
Furthermore, native O-foim XOR from untreated rat lungs or livers was not further 
reduced by DTT treatment and remained at approximately 23% of the total XOR 
following DTT reduction. 

30 

Lung inflammation increased following DL-l and IFN-y insufflation 

The total number of inflammatory cells recovered from the BALF 24 hours following IL-1 
and IFN-y insufflation was increased compared to saline, DL-l, or IFN-y insufflated lungs 
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(Figure 2a). Differential analysis revealed approximately 60% neutrophils and 40% 
macrophages in BALF from IL-1 and INF-y insufflated lungs compared to approximately 
80% neutrophils and 20% macrophages from IL-1 or INF-y insufflated lungs and 
essentially 100% macrophages from non-insufflated limgs of control rats. Lymphocytes 
5 were a small» but comparable, percentage of the cells recovered in all instances. 
Histological examination of cytokine insufflated lungs confirmed the increase in 
inflammatory cells recovered in BALF from the lungs of IL-1 and IFN-y insufflated rats 
and revealed increased numbers of inflanmiatory cells in the airway and in the 
perivascular regions of the lung (Figure 2b). The cellularity observed histologically with 
10 IFN-y alone appears greater than the cells recovered in the BALF, suggesting a possible 
interstitial localization of MNP in the IFN-y insufflated lungs. 

XOR was induced in lung inflammatory cells following IL-1 and IFN-y insufflation. 

The predominance of O-fomi XOR in IL-1 and IFN-y insufflated rat lungs was 
15 surprising since XOR exists in native lung tissue in predominantly D-form. Accordingly, 
we sought to identify lung cells that expressed XOR following cytokine insufflation. 
Immimofluorescent staining of rat limg tissue preparations demonstrated that XOR was 
induced primarily in inflammatory cells following IL-1 and IFN-y insufflation (Figure 2c). 
By comparison, XOR immimoreactivity was virtually undetectable in limgs following 
20 . saline, IL-1, or IFN-y insufflation. Westem immimoblot analysis indicated that XOR was 
induced dramatically in the BALF cells by the combined action of IL-1 and IFN-y 
compared to the response produced by saline, IL-1, or IFN-y insufflation (Figure 2d). D- 
form (Figure 2e) and O-form (Figure 2f) XOR activity were also elevated in BALF cells 
recovered from rats insufflated with IL-1 and IFN-y compared to the response to saline, 
25 DL-l, or IFN-y insufflation. Furthermore, predominantly O-form XOR was again 

recovered in the inflammatory cells recovered from IL-1 and IFN-y insufflated rat lungs. 

XOR was induced in the infiltrating and differentiating MNP following IL-1 and 
IFN-y insufflation. 

30 Differential analysis of cells obtained in the BALF following IL-1 and IFN-y 

insufflation revealed nearly equivalent numbers of MNP and neutrophils by 24 hours that 
declined slowly over the next 18 days (Figure 3a). BALF cells from IL-1 and IFN-y 
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insufflated rats were stained for the alveolar macrophage marker, EDI, or with the 
neutrophil/monocyte marker, CDl lb, and were then subjected to analysis by FACS 
(Figure 3b). The CDl lb antigen mcreased dramatically 4 hours following cytokine 
exposure, reflecting the appearance of newly infiltrating CDl lb positive monocytes and 
5 neutrophils. CDl lb staining then gradually decUned over the next 1 8 days to a pattern 
identical to that found in the 0 time resident macrophages. EDI was well expressed on the 
0 time resident macrophages, was absent on the newly infiltrating monocytes and 
neutrophils at four hours, and was gradually restored to high level expression throughout 
the 18 day time course. These data reflect the rapid migration of neutrophils and 
10 monocytes into the lung following IL-1 and IFN-y insufflation, followed by the gradual 
maturation of the newly infiltrating monocytes into mature, EDI expressmg, macrophages 
and by the relatively rapid decrease of the neutrophil population. Scatter diagrams 
revealed the broad forward and side scatter produced by resident macrophages at time 0, 
and subsequently revealed the low scattering, compact nature of infiltrating monocytes 
15 and neutrophils, a pattern that was restored to the original pattern typical of the mature 
macrophages over the course of 18 days. 

Neutrophils and MNP were recovered fi-om the BALF 24 hours following IL-1 and 
IFN-y insufflation and purified on PercoU gradients. Western immunoblot analysis of 
protein extracted firom these cells showed that XOR was induced in MNP, but not 
20 neutrophils (Figure 3c). BALF cells were also recovered over a 24 hour time course fi-om 
rats following insufflation of IL-1 and DFN-y, collected by centrifugation and washed. 
MNP were then allowed to adhere to plastic dishes by cultivation at 3TC for one hour in 
rich medium. Non-adherent cells were then washed off of the plates and the adherent 
MNP were assayed for D-form and O-form XOR activity and for XOR immunoreactive 
25 protein. These data demonstrated that D-form XOR (Figure 3d) and O-form XOR (Figure 
3e) activity were induced in the adherent MNP, and that most of this XOR was recovered 
in O-form. Although XOR was induced over a 24 hour period in the infiltrating MNP 
recovered fi^om the lungs of IL-1 and IFN-y insufflated rats, neither XOR activity or 
antigen was detected in circulating rat monocytes (not shown). These observations 
30 indicate that XOR induction is associated with monocyte infiltration and/or differentiation 
following cytokine insufflation. 

Tungsten or allopurinol feeding decreased lung and MNP XOR activity, lung 
inflammation, MNP nitrotyrosine staming, and alveolar cell apoptosis in rats insufflated 



37 



wo 2005/030138 



PCT/US2004/031478 



with IL-1 and IFN-y. The induction of XOR in MNP recovered from lungs following IL- 
1 and IFN-y insufflation and its conversion into largely O-form XOR suggested that XOR 
may participate in the inflammatory process as a source of ROS. We used two systemic 
inhibitors to assess the involvement of XOR in cytokine induced inflammation. Rats were 
5 fed diets deficient in molybdenum and supplemented with tungsten or diets supplemented 
with allopurinol. Subsequently, rats were insufflated with IL-1 and IFN-y or the saline 
vehicle and 24 hours later prepared for analysis. Timgsten feeding decreased XOR 
activity in the lungs (Figure 4a) and in the BALF cells (Figure 4b) from cytokine 
insufflated rats. Furthermore, tungsten or allopurinol feeding also reduced the 

10 accumulation of inflammatory cells (Figure 4c) and attenuated histologic evidence of 
airway and perivascular inflammation (Figure 4d) in the lungs of IL-1 and IFN-y 
insufflated rats. Limg tissue specimens from rats insufflated with IL-1 and IFN-y 
exhibited increased nitrotyrosine staining of the alveolar MNPs (88% positive staining) 
compared to saline insufflated control lungs (14% positive staining), and MNP 

15 nitrotyrosine staining was decreased to background levels (14% positive staining and 
autofluorescent cells) in IL-1 and IFN-y insufiQated rats previously fed allopurinol or 
tungsten diets (Figure 4e). Finally, since a conunon feature of ALI and a consequence of 
inflammation can be the induction of alveolar cell apoptosis, we examined cytokine 
insufflated rat lungs for qsoptosis. By quantitative morphometric analysis, lungs from rats 

20 insufflated 24h before with IL-1 and IFN-y had a 13 fold increase in TUNEL positive 
alveolar nuclei staining compared to saline insufflated rat limgs and prior feeding with 
tungsten or allopurinol diets attenuated the development of alveolar apoptosis (Figure 4 
f,g). We quantitated activated caspase-3 in a similar fashion to corroborate the results 
from TUNEL assay. Lungs from rats insufflated 24 hours before with IL-1 and IFN-y had 

25 a 12 fold increase in activated caspase-3 compared to saline insufflated control lungs. 
Prior feeding with tungsten or allopurinol diets blocked the activation of caspase-3 in 
cytokine insufflated rat lungs (Figure 4h). 

MNP XOR contributed to the mflammatory response in vivo. 
30 To determine whether XOR induction in MNP could contribute to lung 

inflammation, we performed a cell transfer experiment. We induced a pulmonary 
inflammatory response in rats with IL-1 and BFN-y insufflation, obtained these cells by 
bronchoalveolar lavage 8 hours later, and then treated these cells with either allopurinol or 
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the vehicle for allopurinol in vitro. After a 15 min exposure to allopurinol or the vehicle, 
the cells were washed, resuspended in PBS, and then insufflated into control rats. 
Subsequently, cells were harvested from the BALF of these control rats, stained, and 
quantitated. BALF recovered from the limgs of rats insufflated 24 hours before with 
5 untreated cells had increased numbers of neutrophils compared to BALF recovered 
follovong insufflation with allopurinol pretreated cells (Figure 5a,b). Insufflation of 
allopurinol treated BALF cells attenuated the subsequent recovery of neutrophils in the 
BALF (Figure 5c). 

10 Discussion 

We observed the rapid induction of XOR in the infiltrating, differentiating MNP 
that were recruited into the lungs of rats insufflated with IL-1 and IFN-y. Lungs of rats 
insufflated with IL-1 and IFN-y developed a vigorous inflammatory response 
characterized by rapid neutrophil and MNP infiltration, oxidative stress, and alveolar cell 

15 apoptosis. MNP XOR was recovered in predominantly its reversible O-form, and MNP 
from the lungs of IL-1 and IFN-y insufflated rats had increased nitrotyrosine staining 
compared to MNP in control lungs. Pretreatment of rats with two different XOR inhibitors 
decreased MNP XOR induction, MNP nitrotyrosine staining, lung inflammation, and 
alveolar cell apoptosis. Transfer of allopurinol inhibited MNP into normal rat lungs in 

20 VIVO decreased the recraitment of neutrophils into the lung. While vascular endothelial 
cell XOR may contribute to inflammation (35), our observations point to a dynamic, 
previously unrecognized, process by which XOR induction in the MNP contributes to 
lung inflammation, oxidative stress, and alveolar cell apoptosis. 

BALF from untreated rats contained primarily alveolar macrophages and few, if 

25 any, neutrophils or monocytes. These resident macrophages had high levels of the 

macrophage marker, EDI, but expressed low levels of XOR immunoreactive protein and 
activity. However, this pattern changed rapidly after cytokine insufflation. Beginning 
four hours after cytokine insufflation, GDI lb expressing, EDI -deficient cells exhibiting 
the compact, low scattering pattern characteristic of monocytes and neutrophils dominated 

30 the population of cells recoverable by lung lavage. Over the initial 24 hours, XOR 

expression increased in the GDI lb-positive EDI -negative MNP. This pattern gradually 
reverted to the zero time control pattern over the next 18 days when a majority of the 
recoverable cells were again EDI -positive macrophages. Simultaneous histologic and 
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biochemical analyses of these BALF cells revealed that XOR activity was increased in 
MNP, but not neutrophils. Because XOR activity was not detected in circulating 
monocytes, the present observations suggest that increased XOR expression occurred in 
the infiltrating and differentiating MNP. 
5 Predominantly O-form XOR was recovered in MNP throughout the 24 hours 

following IL-1 and IFN-y insufflation. As early as 8 hours post-insufflation, O-form 
content comprised 70-80% of the total XOR activity. Importantly, O-form XOR could be 
reversed to D-form XOR by DTT reduction leaving a constant O-form content of about 
23% regardless of cytokine exposure, and this is exactly the level of O-form XOR found 

10 in the lungs of untreated rats or in livers. Thus, the increased amount of O-form XOR 
recovered from the lung was dependent upon prior cytokine insufflation. Since we 
observed no increase in XOR proteolysis following cytokine treatment, the combined 
action of IL-1 and IFN-y elevated both total XOR activity and most likely promoted the 
reversible conversion of D-form XOR to the O-form in vivo. Although inflammatory 

15 cytokines increased XOR in cultured epithelial cells, they did not cause conversion of D- 
form to O-form XOR in vitro (42). While these contrasting observations undoubtedly 
reflect the different response of immortalized cells in culture and in the rat lung in vivo, 
the increase in XOR along with the increase in O-form content could enhance the ROS 
generating cq>acity of MNP in the alveoli. 

20 The development of increased alveolar MNP nitrotyrosine staining following IL-1 

and IFN-y insufflation suggests that oxidative stress was increased in MNP, and 
nitrotyrosine modification can be supported by O-form XOR which can serve as source of 
O2" (34-36). Inhibition of MNP nitrotyrosine staining in rats fed tungsten or allopurinol 
indicates that XOR served as a source of O2'' in the MNP following cytokine insufflation. 

25 Although other sources of O2" exist in MNP, they are unlikely to be inhibited by both 

tungsten and allopurinol. We observed that 88% of the alveolar MNP stained positive for 
nitrotyrosine following cytokine insufflation, with a background of 14% positive MNP. 
The increase of 74% due to cytokine induced inflammation is nearly identical to the level 
of nitrotyrosine staining seen at the onset of ARDS in humans (50), and suggests that 

30 oxidative stress in the MNP may be a general, early feature of acute Ixmg inflammation. 
In addition to inducing XOR expression in the MNP and generating an 
inflammatory response, insufflation of IL-1 and IFN-y also increased alveolar cell 
apoptosis that was quantitated by TUNEL stain and caspase-3 activation. Alveolar cell 
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apoptosis has been frequently observed in clinical ALI and in experimental lung 
inflammation and appears to depend on activation of the Fas/FasLigand proteins (5 1-52) 
which are highly expressed on both inflammatory cells and lung epithelial cells (53), 
While the exact mechanism responsible for alveolar cell apoptosis following cytokine 

5 insufflation is imclear, the inhibition of alveolar cell TUNEL stain and caspase-3 
activation by tungsten or allopurinol treatment impUcates the involvement of XOR. 

We established the contribution of XOR to cytokine induced limg inflammation 
using timgsten and allopurinol inhibition* Both of these inhibitors decreased lung 
inflammation, MNP nitrotyrosine staining, and alveolar cell apoptosis. Allopurinol is a 

10 highly specific inhibitor in vivo that inhibits XOR noncompetitively following its 

conversion into oxypurinol (alloxanthine) which then inhibits the molybdenum center by 
tight, but reversible, binding (54). In our experiments, rats were fed allopurinol at a dose 
of 50 mg/Kg for seven days, a regimen well known to inhibit XOR in vivo (26,27). While 
high concentrations of allopurinol may theoretically have ROS scavenging capability in 

15 vivo (55), this results primarily from quenching hydroxyl radical and not 02"* (56). 

Tungsten feeding is another relatively selective method for inhibiting XOR in vivo (26- 
29). Tungsten acts by displacing molybdenum from the molybdopterin cofactor necessary 
for the activity of XOR and other MoCo enzymes (57). The similar effect achieved by 
treatment with either of these distinct inhibitors indicates that XOR activity contributed to 

20 the cytokine induced inflammatory response, MNP nitrotyrosine staining, and alveolar 
cell apoptosis seen in rats insufflated with IL-1 and IFN-y. 

Because the use of systemic inhibitors like tungsten or allopurinol would not be 
Umited to inhibiting XOR in the MNP, we performed a cell transfer experiment in which 
XOR was inhibited in MNP in vitro. Insufflation of allopurinol treated, XOR inhibited, 

25 MNP demonstrated that MNP XOR could contribute to cytokine induced lung 

inflammation. B ALF cells recovered from rats insufflated with allopurinol treated cells 
had reduced numbers of neutrophils compared to the numbers of neutrophils in the BALF 
following transfer of cells treated with the vehicle alone. This experiment indicated that 
XOR specifically located in MNP participated in the pulmonary inflammatory process. 

30 These experiments do not exclude the possible contribution of endothelial or epithelial 
XOR to the inflammatory process, nor do they address the potential role of interstitial or 
parenchymal MNP. In fact, our data suggest that substantial levels of interstitial MNP 
arose following IFN-y insufflation that were not recovered in the BALF- Nonetheless, our 
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data do point to the unanticipated participation of alveolar cell MNP XOR in cytokine 
induced lung inflammation and underscore a possible functional interaction between 
neutrophils and MNP that is dependent on XOR. 

Our study demonstrates that XOR can be induced rapidly in infiltrating and 
differentiating MNP following cytokine insufflation in rats and that this phenomenon is 
Unked to the inflammatory process. We imagine that MNP XOR generates ROS that 
contribute to increased puhnonary oxidative stress and inflammatory cell recraitment. 
These observations may explain the oft-postulated "two hit" process leading to the 
exuberant inflanmiation characteristic of ALL If XOR is increased in MNP for as long as 
18 days after an initial cytokine or other insult, then the lung may be more susceptible to a 
second insult for a considerable time. Whether allopurinol would be beneficial in treating 
or preventing ALI or other inflammatory diseases is unknown. However, the protective 
effect of allopurinol in diabetes (58,59), renal ischemia-perfusion injury (60), and chronic 
heart failure (61-63) may be related to this mechanism inasmuch as MNP infiltration 
appears to be a component of each of these diseases. 

EXAMPLE 2 

Granulomatous lung inflammation (GLI). GLI is a significant health problem 
reported to affect 10 to 40 individuals per 100,000 each year in the USA alone, with a 
20 three fold bias in the black population. GLI is the primary pathogenic mechanism 
underlying sarcoidosis, although many organs can be affected by the granulomatous 
inflammation of sarcoidosis (161). GLI/sarcoidosis is a common inflammatory disorder of 
complex etiology that arises fix>m the induction of a focal inflammatory response in the 
lung (and elsewhere) and has a significant fatality rate. While human disease is frequently 
25 resolved with prednisilone therapy, for unknown reasons this is fi'equently not successfiil. 
However, recent clinical trials in humans have demonstrated the protective effect of 
allopurinol, an XOR inhibitor, which has been shown to regress late stage cutaneous and 
pulmonary sarcoidosis. This observation links sarcoidosis to several other human 
inflammatory diseases in which allopurinol has also proved beneficial. Our studies will 
30 provide insight into the mechanisms by which XOR contributes to the pathogenesis of 
GLI/sarcoidosis and, hopefully, provide new approaches for treating and/or preventing 
this inflammatory disorder. Rats are being used because they provide a way of testing in 
vivo in a relevant physiologic way the findings found previously with in vitro analyses or 
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established phenomenologically in humans. Because GLI patients can be very sick and 
the disease process in humans is very complex, only a limited amount of infomiation can 
be obtained from studies in humans. In addition, the ability to assess any therapeutic 
approach is very difficult and expensive in human patients since many parameters of 

5 treatment have not been established (for example: optimal XOR blockers, timing, route of 
administration etc.)- Rats have been utilized in prior studies of granulomatous 
inflammation using intravenous BCG or TDM (trehalose-6,6*-dimycolate) to induce lung 
granuloma and, consequently, our studies will be directly comparable to these prior 
analyses. All rats will be housed and cared for in the Webb-Waring Institute's own 

10 AAALAC accredited animal care facility. 

The pathophysiologic course of GLI/sarcoidosis is typified by a panoply of 
infectious or antigen sources that incite a Th-1 lymphocytic response that in turn promotes 
chronic, focal lung inflammation characterized by T-cell/mononuclear phagocyte (MNP) 
infiltration, cytokine elevation, and granuloma formation (161-164). While both T-helper- 

15 1 and T-helper-2 T-cells (Th-1 and Th-2) appear to contribute to the development of 

granuloma (165,166), the Th-1 response appears to stimulate subsequent MNP influx and 
granuloma formation (165,166). In human disease, chronic Th-1 stimulation may play a 
central role in the persistent recruitment and differentiation of MNP into mature 
macrophages and multinucleate giant cells (MGC) (166,167) with the consequent growth 

20 of the granuloma and development of mononuclear cell alveolitis and parenchymal 

infiltration (166,168). MNP alveolitis and dense packing of MNP in the granuloma are 
now considered to be defining features of GLI/sarcoidosis (161-164). Importantly, cells 
obtained in the bronchoalveolar lavage fluid (BALF) of patients with active disease were 
dominated by MNP showing high levels of the monocyte markers CDl la and CDl lb 

25 suggesting disruption of MNP difTerentiation or the presence of MNP in different stages 
of differentiation (166). 

Oxidative stress may contribute to the pathophysiology of GLI/sarcoidosis and 
other inflammatory lung injuries. Evidence of ongoing oxidative stress hsis been 
commonly observed clinically in GLI and related chronic inflammatory lung diseases and 

30 involves diverse markers of oxidative stress ( 1 69- 1 7 1 ). Oxidized protein in the BALF 
(169), enhanced nitric oxide and inducible nitric oxide synthase (170), and elevated 
antioxidant enzymes are all indicative of increased oxidative stress associated with 
sarcoidosis (171). Furthermore, MNP from the BALF of GLI/sarcoidosis patients produce 
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excess ROS compared to controls, unlike circulating monocytes from the same patients 
(172-174), suggesting that the MNP must first enter the airspace to generate substantial 
ROS. PMA stimulated expression of ROS from MNP recovered in the BALF of 
sarcoidosis patients was further enhanced by exposure to interferon-y (IFN-y) (175), a 
5 defining cytokine of the Th-1 response. Spontaneous and induced release of superoxide 
anion from MNP cells of sarcoidosis patients has been linked to those cells expressing 
adhesion molecules indicative of immature MNP (176), suggesting either disruption of 
MNP differentiation or the continuous influx of new monocytes. While the consequences 
of increased ROS generation from the alveolar MNP of sarcoidosis patients can be very 

10 broad (177), the sources of ROS in the MNP are still not fiilly defined. In the related 

chronic, diffuse inflammation of COPD oxidative stress is a well recognized feature (178), 
and xanthine oxidoreductase has been identified as a critical mediator of ROS generation 
in COPD (179-181). Furthermore, both the skin and pulmonary manifestations of 
sarcoidosis have been consistently suppressed by treatment witti the XOR inhibitor, 

15 allopurinol, and this now an accepted treatment for clinical sarcoidosis (182-186). Thus, 
it can be concluded that ongoing oxidative stress is an important feature of chronic lung 
inflammatory states and of GLI/sarcoidosis in particular, and XOR may be a significant, 
albeit poorly understood mediator of GLI/sarcoidosis. 

Cytokines elevated in the lungs of GLI/sarcoidosis patients and released from 

20 inflammatory cells, epithelial cells, fibroblasts, and other cells of the lung could promote 
XOR dependent oxidative stress. Cytokines and other factors that are increased in the 
bronchoalveolar lavage fluid (BALF) of GLI patients include (in part) TNF-a (219,220), 
IL-1 (221-223), IFN.y (162,163), MCP-1 (224,225), MlP-la (226), MIP-1(J (224,226), 
MEP-SP (227), and TGF-P (228). While these cytokines and chemokines appear to 

25 determine the clinical progression of GLI and its outcome, they may be equally critical for 
the induction and expression of XOR. It can well be imagined that cytokine activation of 
XOR is a necessary prerequisite for its involvement in an inflammatory process, and two 
key points about cytokines and XOR are worth considering. 

Cytokines that are elevated in GLI can increase lung XOR expression and 

30 subsequent ROS production. In particular, IL-1 is increased in the lungs of GLI patients 
and may contribute to inflanunation by inducing the expression of inflanmiatory 
chemokines (MCP-1) and adhesion molecules important for migration of inflammatory 
cells into the air space (ICAM-1) (221-223)- Delivery into rats of IL-1 by intratracheal 
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insufflation or as a stable transgene in an adenoviral backbone promotes both acute and 
chronic inflammatory cell accxmiulation and limg leak (223,229). Furthermore, IL-1 
induces expression of inflammatory chemokines (MCP-1) and adhesion molecules 
(ICAM-1) in cultured lung epitheUal cells in vitro (230). Importantly, XOR steady state 
5 RNA and enzyme levels are regulated in several cultured cells by DL-l through a 
cyclohexamide and an actinomycin-D inhibitable mechanism (214-216)- IL-1 alone 
induces XOR by approximately 4 fold in cultured endothelial and epithelial cells 
(215,216). As a signature cytokine of the Th-1 response, IFN-y is also increased in the 
BALF of GLI patients (162,163) and induces inflammatory cell recruitment in vivo 

10 following intratracheal insufflation (23 1). EFN-y also induces XOR steady state RNA, 
protein, and enzyme activity by mechanisms potentially synergistic with IL-1 in cultured 
cells in vitro and in vivo in mice (214-216,232,233). While cultured epithelial and 
endothelial cells express predominantly D-form XOR, the potential for XOR to be 
converted to its ROS generating O-form by cytokines in vivo is an important consideration 

15 that will be assessed. 

Expression of XOR in the inflammatory MNP population may potentiate or 
amplify the inflammatory process of GLI/sarcoidosis in the lung, and this underlies the 
protective effect pf allopurinol. Mononuclear phagocytes (MNP) and T-lymphocytes (Th- 
1 and Th-2 cells) play essential and distinct roles in GLI/sarcoidosis (161-164). CD4+ 

20 and CD8+ T-cells have been recognized as important mediators of the alveolar 

inflammatory process and granuloma formation that can interact with MNP cells, alveolar 
epithelial cells, or perhaps B-cells to alter chemokine expression and locally ampUfy the 
inflanmiatory process (236,237). The role played by CD4+ and CD8+ Th-1 lymphocytes 
in the pathophysiology of GLI is complex. We imagine that recognition of MNP 

25 presented antigen, or possibly epithelial cell presented antigen, by locally recruited Th-1 
cells results in T-cell activation and expression of EFN-y which in turn further promotes 
MNP activation, chemokine release, amplification of the inflammatory response, and 
growth of the granuloma. Many of these steps are still poorly understood. 

MNPs play key roles in the chronic inflammatory process of GLI/sarcoidosis. The 

30 participation of MNPs in GLI is not well understood, however, MNP may serve important 
roles at several stages. First, resident alveolar macrophages (AM) may be the primary cell 
recognizing and presenting antigen to Th-1 cells. AM are also highly sensitive to IFN-y 
activation and, once activated, are potent sources of pro-inflanunatory cytokines such as 
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TNF-a, MCP-1, IL-1, MIP-1, TGF-P or reactive oxygen species (172-176). Resident, 
mature AM comprise close to 100% of the cells found in the BALF of resting, vmtreated 
rats, and when detected, lymphocytes comprise well below 1% of the total inflammatory 
cell population. Thus the resting limg may be considered to harbor an essentially pure 

5 population of mature macrophages. The resting mature AM responds to many activating 
signals including products of antigen primed Th-1 cells like IFN-y (238,239). Upon 
activation, AM secrete cytokines involved in the orchestration of the inflsuimiatory 
response, activate the respiratory burst NADPH oxidase, and release ROS. For example, 
IL-1, and TNF-a are released in response to IFN-y (238). EFN-y signal transduction in the 

10 macrophage operates through a system of protein relays that involves activation of the 
JAK/STAT pathway and NF-kB activation (240), and XOR is now know to be regulated 
by the JAK/STAT system (217,234). Thus, a reasonable view of the resident AM would 
imagine these cells to be highly responsive to pathogen by processing and presenting 
antigen to Th-1 cells. AM may further contribute to local inflammation by response to 

15 alveolar cytokines, not only as phagocytic cells, but as cells capable of calling up and 
amplifying inflammation by mechanisms consistent with the involvement of XOR. 

Hypoxic regulation of MNP XOR may also contribute to the pathogenesis of 
GLI/Sarcoidosis. Acute inflammatory injury to the lung is typified by pronoimced 
hypoxia, and relative arterial hypoxemia is now considered part of the definition of acute 

20 limg injuries (164), Importantly, hypoxia is also a feature of GLI/sarcoidosis that is 
potentially important in the pathophysiology of granuloma persistence and formation 
(161-164). XOR hypoxic activation and regulation have been well recognized 
(209,216,235, and references therein). While XOR activation Hypoxic regulation of MNP 
XOR may also contribute to the pathogenesis of GLl/Sarcoidosis. Acute inflammatory 

25 injury to the lung is typified by pronoimced hypoxia, and relative arterial hypoxemia is 
now considered part of the definition of acute lung injuries (164). Importantly, hypoxia is 
also a feature of GLI/sarcoidosis that is potentially important in the pathophysiology of 
granuloma persistence and formation (161-164). XOR hypoxic activation and regulation 
have been well recognized (209,216,235, and references therein). While XOR activation 

30 and regulation have not been studied in myeloid cells, hypoxic regulation has been 

observed in epithelial cells and fibroblasts. Hypoxic growth induces XOR expression by 
several fold at pre-translational and post-translational levels as evidenced by the block to 
induction with actinomycin-D and cyclohexamide (235). Recent evidence indicates that 
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post-translational activation by hypoxia may be transduced by site specific 
phosphorylation of XOR (209), revealing a key mode of XOR regulation. Conversion 
from D-form to O-form XOR has not been observed during hypoxic growth in cultured 
cells (209,216,235). However, the potential for MNP to both induce XOR via hypoxia 

5 and to convert XOR into O-form in response to inflammatory cytokines is an important 
feature of XOR regulation that will be examined in the present work. Hypoxic activation 
in the MNP population, if accompanied by D-form to O-form conversion, would be 
expected to further activate MNP ROS generation. 

Research into the mechanism of vascular inflammatory injury for much of the 

10 preceding several decades has focused on the induction of inflammation and the role 

played by endothelial cells and endothelial cell XOR, an hypothesis that has been brought 
into serious question. There are many similarities between general vascular inflammatory 
injury, ALI, and GLI/sarcoidosis, and it is highly significant that the innate inununological 
mechanisms of GLI/sarcoidosis bear great similarity to the diffuse inflammatory injuries 

15 of ALI, ARDS, COPD, and lung I/R injury (164). In GLI/sarcoidosis, inflammatory cells 
must be recmited from the vasculature to the lung, adhere, and migrate through the 
endotheliiun before taking up residence on the epithelial side and contributing to the 
formation of the granuloma. Recognition that the inflammatory MNPs express significant 
levels of O-form XOR and that XOR is an important mediator of general vascular injury 

20 and has been linked to GLI/sarcoidosis is likely to be significant inasmuch as oxidative 
stress generated from XOR could potentiate the inflammatory process at many different 
levels. The expression and conversion into O-form XOR in the MNPs is not well 
understood, and certainly understanding the role played by XOR in the MNPs during 
GLI/sarcoidosis may provide new insights regarding the mechanisms responsible for the 

25 pathogenesis of GLI/sarcoidosis and related vascular inflanmiatory injuries. 

Sarcoid-like granulomatous inflammation has been produced in mice by 
intravenous injection of trehalose-6,6'-dimycolate (TDM), an ether extraction product of 
Mycobacterium smegmatis (228), or in rats by intravenous injection of heat killed BCG 
(266,267). Both methods elicit pubnonary granulomas that develop within a few days and 

30 resolve by approximately 28 days. Both granulomas exhibit Th-l/MNP infiltration, MNP 
alveolitis, deposition of extracellular matricies, and fibrosis. While it is presently 
unknown whether allopurinol would modulate granuloma formation induced with TDM or 
BCG in rats, human puhnonary sarcoidosis attributed to BCG vaccination was completely 
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regressed following allopurinol treatment (268), indicating a key role for XOR in BCG 
induced pulmonary granulomatous disease. Several questions emerged from these reports 
conceming the involvement of XOR in inflammatory limg disease and GLI/sarcoidosis 
that influence the general clinical utility of allopurinol or influence sensitivity to XOR 

5 inhibition. In particular, the cellular environment of GLI/sarcoidosis will depend critically 
upon the time at which inflammation is assessed and the nature of the inducing stimulus. 
The temporal order of events will modulate the relative composition of T-cells, MNP, and 
perhaps other cells (161-164) and this is likely to influence the role played by XOR. 
Furthermore, the cytokine environment of the inflamed lung is likewise subject to 

10 modulation by the nature of the inflammation induced and the time at which inflammation 
is assessed. For example, pro-inflanmiatory cytokines like IFN-y, IL-1, IL-2, or IL-6 may 
play critical early roles during the induction of inflammation while anti-inflammatory 
cytokines like XL- 10 may play roles later in the course of inflammation (269), and these 
are likely to affect the state of XOR expression. In addition, at any particular point in the 

15 course of inflammation a complex and variable cytokine environment will arise. Since 
XOR can be activated by several inflammatory cytokines or by phagocytosis its state of 
activation and contribution to inflammation may be dependent on the specific cytokine 
signals and combinations that arise during inflammation. For example, the so called 
"supressors of cytokine signaling" (SOCS proteins) can be induced by IFN-y, IL-1, or IL- 

20 6 attenuating signals from other cytokines (1 10-114) which would then be anticipated to 
influence XOR activation and the course of inflammation as a function of the balance of 
these different cytokines. Furthermore, our data revealed near complete conversion of 
XOR from D-form to O-form by the combined action of IL-1 and IFN-y, and it is 
reasonable to anticipate that conversion may also be subject to the same complex 

25 environment and this is anticipated to influence the contribution of MNP XOR to 
inflammation as well. 

Since XOR has not previously been studied in any experimental model of 
GLFsarcoidosis, we will initially characterize GLI/sarcoidosis in rats developed in two 
ways. The proposed studies will then identify specific cellular and cytokine environments 

30 in which XOR is induced and will identify the temporal and cellular response patterns of 
XOR activation. Finally, we will determine the consequences to the lung of inflammatory 
XOR activation and will then determine the degree to which inhibition of XOR is 
protective of lung integrity in rat models of GLI/sarcoidosis. 
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Characterization of the inflammatory response induced by BCG and TDM in 
rat models of GLI/sarcoidosis. Allopurinol treatment attenuated GLI/sarcoidosis in 
humans and attenuated cytokine induced ALI in rats, however, it is not known whetiier 
allopurinol would be protective in rat models of GLI/sarcoidosis. Accordingly, we 
5 propose to induce GLI/sarcoidosis in rats using two well established protocols (266-268), 
to characterize the inflammation induced, and to characterize the response of XOR. 

Induction of GLI/sarcoidosis in rats. (A) Since we are chiefly interested in the 
inflammatory response induced by clinically relevant inducers, we will first induce 
GLI/sarcoidosis in Sprague Dawley rats using heat killed BCG (Mycobacterium bovis 

10 strain) since this is a well established means of generating a clinically relevant 

mflammation in rats (266,267). BCG (Aventis Pharmaceuticals Inc, Bridgewater, NJ) will 
be applied by intravenous injection (i.v.) first at a variable sensitizing dose (0.1 to LO mg 
per rat). Three weeks later rats will be challenged by i.v, injection of a five fold higher 
dose of heat killed BCG. PGR analysis of a large cohort of sarcoidosis patients revealed 

15 that die most common DNA associated with pulmonary sarcoidosis was that of M 
tuberculosis (275). Thus, we will utilize BCG derived fi-om M tuberculosis (Aventis 
Pharmaceuticals) as the second granuloma inducing agent to be tested. (B) We will next 
examine alternative granuloma inducing protocols since it is unknown whether pulmonary 
granuloma formation will show uniform dependence on XOR. TDM, from M smegmatis, 

20 will be applied as described (228) but at doses adjusted to the weight of Sprague Dawley 
rats. For each of these three agents, we will monitor the inflammatory response over a 
period from 0 to 28 days and will include four rats at each of six points (0, 3, 7, 14, 21, 28 
days) to establish uniformity of response and the time course of development and 
regression of the granulomas. 

25 Characterization of the granulomatous Inflammatory response. Presently, we 

employ several methods to characterize pulmonary inflammation that produce concrete 
evidence of inflammation. First, routine H&E (hematoxylin and eosin) histology will be 
performed on two rats in each group. To achieve high quality specimens, lungs will be 
perfused blood free and insufiQated with paraformaldehyde fixative with low positive 

30 pressure delivered by an infusion pump at 20mm Hg. This will expand the alveolar space 
without rupture of the underlying architecture, simultaneously fixing the tissue. These 
tissues will then be embedded in paraffin, sectioned, and mounted on glass slides. H&E 
evidence for granuloma formation will include the appearance of organized granuloma. 
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the presence of inflammatory cells in the airway (scaled 0,+ to » i m ), alveolar swelling, 
and the degree of perivascular infiltration. Paraffin embedded specimens will be stored at 
room temperature for additional analyses (for example, XOR immxmofluorescence). Since 
the opportunity to study the involvement of XOR in a systemic response arises following 

5 LV. application of heat killed BCG or TDM, we will also harvest liver, kidney, spleen, 
brain, heart, and thymus for similar analyses. 

BALF will be obtained firom two rats in each group, sedimented, and the resulting 
cells and fluid (PBS) separately collected. We will use the BAL fluid firaction and cell 
fi-action to characterize additional markers of inflammation. Cells will be suspended in 

10 PBS, counted for total cells, and an aliquot sedimented on to glass slides and Wright's 
stained. Differential counts of lymphocytes, MNP, and neutrophils will then be obtained 
fi-om the stained cytospins. Remaining BALF cells will be sedimented and frozen for 
subsequent biochemical analyses. Protein concentration will be determined from the BAL 
fluid fraction and the remaining fluid frozen for additional biochemical analyses. 

15 XOR activation and conversion in vivo. We will quantitate and compare both 

lung tissue specimens and BALF cell fractions (lymphocytes, MNP, PMN) for XOR in 
several ways. D-form and O-form activity will be assayed biochemically from total lung 
tissue extracts using our standard spectroscopic assay for the formation of uric acid 
(217,265). BALF cells will be purified on PercoU gradients which produce lymphocytes, 

20 MNP, and PMN populations of well over 95% purity. These fractions will be assayed as 
well for D-form and O-form XOR activity. Each of these samples vnll also be assayed by 
Westem-immunoblot to corroborate activation of XOR in the lung and to determine the 
extent, if any, to which XOR has been proteolyzed. We imagine that the conversion of 
XOR into O-form may be dependent upon the specific granulomatous inducer and by the 

25 time at which XOR is assayed. Verification that XOR has been converted reversibly into 
O-form will be established by reduction with DTT and re-chromatography on Sephadex 
G25 followed by re-assay of D-form and O-form content. Our previous data revealed 
dramatic activation in the MNP population and that 80% of the lung and MNP XOR was 
converted to O-form by cytokine induced ALI, however, it is unknown whether this 

30 degree of activation and conversion will arise in granulomatous injury or when granuloma 
is induced by different agents. 

XOR localization. FACS analysis revealed activation and expression of XOR in 
the inmiature and differentiating MNPs following cytokine insufflation (265). However, 
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XOR activation may occur in lung tissue cells, T-cells, in several different MNP 
populations, activated macrophages, antigen presenting macrophages (dendritic cells), or 
interstitial macrophages. Tissue samples that had been saved as paraffin embedded 
specimens also will be used for XOR co-immunofluorescence analysis to identify specific 
5 cells expressing XOR in vivo during GLI/sarcoidosis induced by BCG or TDM- We have 
utilized the MNP specific antibody to EDI (276) to detect mature alveolar macrophages 
recovered in the BALF, and this antisera (FITC conjugated) will be used in co- 
immunofluorescence with XOR (Rhodamine) to confirm localization in the alveolar 
macrophage. Antisera to ED2, which specifically identifies the interstitial macrophage, 

10 will be used in a similar fashion to determine if XOR is activated in this population. 
CD68 is a nonspecific MNP surface marker (277) that will identify MNP in the rat 
granuloma and its use in co-immunofluorescence with anti-XOR antisera will serve as a 
strong evidence for colocalization of XOR to granulomatous MNP, while co- 
immunofluorescence with OX6 will identify expression specifically in activated rat 

15 macrophages (278). CDl lb 2intisera will allow us to identify co-immimolocalization in 
the immature MNP and PMN cells which can be readily differentiated in situ 
morphologically. Recent evidence indicates a critical role for CD40+ macrophages in 
chronic lung inflammation that is consistent with the involvement of immunoreactive T- 
cells (279-281). Accordingly, we will also conduct co-immunofluorescence with anti- 

20 CD40 and anti-XOR antisera to determine whether XOR is expressed in CD40+ 

macrophages. While there is presently no evidence to suggest expression of XOR in any 
T-cell population, similar analyses performed with CD4 or CDS antisera may yield 
unexpected observations critical to the present analyses. These experiments will allow us 
to furth^ define the specific T-cell or MNP cell population that expresses XOR in vivo 

25 during experimental GLI/sarcoidosis in a defined rat model. 

We will also collect each cell firaction fi-om percoll gradient purified BALF cells, 
or prior to percoll fi*actionation, by cytospin onto microscope slides and detect XOR by 
immunofluorescence. Co-immunofluorescence analyses with the above MNP surface 
markers should allow us to assign XOR expression to specific cells of the MNP (or other) 

30 lineage. We have also generated compelling data using FACS analysis of BALF cells 
recovered fi-om limgs of cytokine insufflated rats, and co-immunofluorescence analyses 
with antisera for XOR and various MNP surface markers will add substantial verification 
to the data generated here. Co-inmiunofluorescence with FACS analysis will 
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simultaneously quantitate the number of XOR expressing MNP cells, the specific 
population of MNP in which XOR is expressed, and compile data on general cell shape. 

The protective effect of XOR inhibition will be tested in two ways in rat models of 
GLI/sarcoidosis. 

5 XOR inhibition. XOR is routinely inhibited in experimental animals by 

supplementing diets with allopurinol or feeding them on rodent chow that has been 
depleted of molybdenum and enriched in tungsten (282). Our data (265) show the results 
of using both strategies. In the present experiments we will inhibit XOR initially with 
allopurinol since the period required to achieve XOR inhibition is short, one week, 

10 compared to that needed for tungsten inhibition, six weeks. As a soluble competitive 
inhibitor of XOR, allopurinol has the disadvantage that XOR itself cannot be directly 
assayed following inhibition. Furthermore, some concern exists that allopurinol may act 
to scavenge ROS during inflammation, independent of its effects on XOR. Thus, where a 
role for XOR has been indicated, we will verify these results using molybdenum deficient, 

15 tungsten enriched diets that have been applied for six weeks. Corroboration with tungsten 
inhibition will constitute strong evidence for the involvement of XOR catalytic activity 
since tungsten substituted XOR is inactive (282). 

Evaluation of inflammation. Several elements of the granulomatous response 
can reflect the potentially beneficial or deleterious affects of XOR inhibition. XOR 

20 mhibition attenuated markers of inflammation induced by cytokine insufflation, including 
an improved histological picture, decrement in alveolar cell apoptosis, decrement in MNP 
oxidative stress, and decrement in the net number of inflanmiatory cells recovered in the 
BALF. However, XOR may contribute to the improved efficiency of macrophage 
phagocytosis and thereby provide a benefit to the inflammatory response. Our assessment 

25 of inflammation induced following XOR inhibition will assess both the advantages and 
disadvantages of XOR inhibition by quantitating several markers of inflammation in both 
the lung tissue and the BALF cell fi-action. 

Lung tissue specimens will be obtained fi-om rats exposed to control diets, 
allopurinol, or tungsten supplemented diets and subsequently treated to induce pulmonary 

30 granuloma using each of the different strategies described above. We will assay these 
specimens in several ways. Routine H&E histology will be performed to assess the 
overall status of the lung and characteristics of granuloma formation and regression over 
the 28 day period. Immunofluorescent assay for XOR antigen will be performed as well. 
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While neither inhibitor strategy will itself block expression of XOR immuno-reactive 
protein, reduction in recruitment of inflammatory cells will reduce the abundance of XOR. 
Quantitative morphometric analysis of nitrotyrosine and nitrotyrosine western 
immunoblot will be performed on these same samples. 
5 Cells will be obtained from the BALF, Wright's stained, and the differential count 

of lymphocytes, MNP, PMN, and total cell count will be obtained. This will establish the 
degree to which the net inflammatory response has been affected by XOR inhibition. 
Since XOR inhibition could adversely affect macrophage phagocytosis, we will also 
quantitate the number of dead or dying cells recovered in the BALF using propidium 

10 iodide staining. An excess of imphagocytized cells in the BALF that can be attributed to 
allopurinol inhibition may reflect an unanticipated consequence of XOR inhibition, 
something that may become more evident in later stages of the inflanunatory process. The 
cell free BALF fluid fraction will be assayed for net protein concentration as an additional 
marker of ongoing limg inflanmiation. Additional consequences of XOR inhibition will be 

15 taken up below. 

D-form and O-form XOR activity and immunoreactive protein (western blot) will 
be assayed from lung tissues and BALF cell fractions as described above for each of the 
granulomatous inducing strategies in control and tungsten inhibited rats to confirm 
suppression of XOR activity and possibly protein abundance. 

20 Timing of XOR inhibition. We presently imagine that pretreating rats with XOR 

inhibiting diets will most effectively reveal a role for XOR in pulmonary granulomatous 
injury, however, this strategy is of limited clinical value. For this reason, we will 
determine the effect of inhibiting XOR with allopurinol at the time granuloma is induced 
(not available for tungsten inhibition). Since it is uncertain that concomitant inhibition 

25 can achieve useftil attenuation of inflammation, we will initially monitor lungs by H&E 
histology and BALF cell count. In the event that concomitant inhibition does affect the 
granulomatous response over the extended 28 day time course, additional markers of 
inflanmiation will be assessed as well. 

These experiments will determine whether XOR contributes to experimentally 

30 induced granulomatous inflammation in rats. While XOR activation in macrophages 
improves the efliciency of macrophage phagocytosis, inhibition of XOR can also 
attenuate inflammation and this may reflect the protective effect of allopurinol in 
numerous inflammatory disorders. Thus, the utility of XOR inhibition needs to be 
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evaluated in the context of its potentially beneficial affects and its potentially deleterious 
affects. We have proposed to use allopurinol as the drug of choice for inhibiting XOR in 
vivo because it is well accepted for use in humans, has minimal deleterious side affects, 
and is relatively rapid in action. While potentially useful data could be obtained using 

5 XOR knock out mice, this system may ultimately be less conclusive than that obtained by 
allopurinol inhibition. Double XOR knock outs (XOR"^ ) die within several weeks of 
birth, revealing some unanticipated role of XOR in development (283). Heterozygous 
knock-outs PCOR^^') are unlikely to have sufficiently reduced levels of XOR to draw any 
conclusive inferences. We propose to confirm data obtained with allopurinol inhibition 

10 using timgsten inhibition, a generally well accepted method. While several 

pharmacological inhibitors of XOR have been developed recently, these are considered to 
be presently inferior to allopurinol because little is known of their alternative actions or 
free radical scavenging capability. Nonetheless, sensitivity of experimentally induced 
GLI/sarcoidosis to allopurinol or tungsten inhibition may suggest the merit of detemiining 

15 the sensitivity to these alternative, and potentially more rapidly acting, XOR inhibitors. 
Overall, the experiments in this specific aim will determine whether XOR activation is 
important for granulomatous lung inflammation induced by different strategies. They will 
establish whether XOR activation and conversion are consistent features of MNP cell 
infiltration, and they will establish the degree to which MNP XOR is specifically 

20 important to granulomatous lung inflammation or whether additional sites of activation 
(endothelial cells) arise as well. 

The mechanism by which XOR activation in the MNP cells contributes to the 
inflanmiatory process in a rat model of GLI/sarcoidosis. Since the primary contribution of 
XOR to inflammation is thought to be that of ROS generation, we will first characterize 

25 ROS generation from XOR in MNP cells in vivo and in vitro in the rat models of 

GLI/sarcoidosis. We will then characterize the response of the whole lung and the MNP 
cells to ROS generation by XOR in the MNP cells in vitro and in vivo. 

Characterization of ROS generation from XOR in MNP cells in vitro and in 
vivo. We imagine that the critical role played by XOR in puhnonary granulomatous 

30 inflanmiation will be as a source of ROS that serves to promote the inflammatory process 
or to delay resolution of inflammation. The existence of an ongoing oxidative stress will 
be determined in several ways that allow us to infer a contribution by XOR. 
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In vivo generation of oxidative stress resulting from XOR activation. Our 

previous data demonstrated allopurinol inhibitable nitrotyrosine protein modification in 
MNP cells in cytokine induced ALL Since nitrotyrosine formation can reflect the 
formation of superoxide radical by XOR, it is important to determine whether MNP XOR 

5 also generates nitrotyrosine in the rat models of GLI/sarcoidosis. We will use the anti- 
nitrotyrosine immune recognition analyses to address several questions surrounding the 
oxidative stress generated in vivo by XOR activation in the MNP. Tissues will be stained 
from sham or granuloma induced lungs using Hoescht (to stain nuclei), wheat germ 
agglutinin (to stain tissue architecture), and anti-nitrotyrosine (to stain protein derived 

10 nitrotyrosine) as shown previously (265). Nitrosylation of tyrosine proceeds through a 
well defined pathway that is dependent upon the formation of superoxide anion (the ROS) 
and NO to form ONOO, the nitrating species. This assay has the great advantage of being 
able to identify sources of ROS on paraffin embedded, archived, tissue sections since the 
nitration product is quite stable. Tissue slices derived from the same specimen blocks 

15 used for XOR localization will also be used in co-localization analyses using peroxidase 
conjugated anti-nitrotyrosine antisera and FITC conjugated anti-XOR antisera. Since 
approximately 14% of limg MNP cells exhibit auto-fluorescence, we have shifted our 
analyses to a peroxidase/NBT immunoprecipitation assay (265). Quantitative 
morphometric analysis of cytokine induced ALI revealed that 84% of the alveolar MNP 

20 became nitrotyrosine positive, and this was restored to background by allopurinol 

treatment (265), and peroxidase coupled detection is anticipated to produce even more 
unambiguous data. These data will allow us to identify and quantitate the specific MNP 
cell population expressing XOR and to confirm the presence of an ongoing oxidative 
stress in them. Furthermore, particular attention will be paid to the site in the inflamed 

25 lung where these cells derive. For example, it is expected that early in the course of 

granuloma formation, MNP may exist in the tissue parenchyma or alveolar airspace prior 
to granuloma formation, and these cells may already exhibit oxidative stress. We 
presently imagine the granuloma itself to exhibit variable oxidative stress throughout the 
28 day time course evaluated. 

30 We will obtain independent corroboration that nitrotyrosine formation has been 

stimulated by the induction of GLI/sarcoidosis using Western inununoblot analysis of 
whole lung extracts and of specific cell firactions as described above. We will again 
substitute the secondary antibodies with peroxidase conjugated antisera and use them in 
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peroxidase/luciferin/ luciferase light generation. These data will allow us not only to 
confirm the formation of nitrotyrosine during the time course of granuloma formation and 
resolution, but will offer an opportimity to quantitate the nitrotyrosine by image analysis. 
We will also perform these analyses on cells recovered in the BALF since this may 
5 indicate a relatively simple procedure for rapidly obtaining comparable data. These 

experiments are effective only for cells freely available in the airway, and would therefore 
provide no information on the interstitial MNP or MNP within the granuloma. 
Nonetheless, they may indicate an ongoing oxidative stress in MNP prior to entering the 
granuloma. 

10 To confirm the role of XOR in the genesis of oxidative stress in vivo during 

granulomatous inflammation, these analyses will also be performed in rats that have been 
exposed to XOR inhibiting diets. The combination of allopurinol and tungsten inhibitor 
diets will allow us to assign an unambiguous role to XOR, Clearly, the lung has 
numerous sources of ROS that may be activated during experimental GLI/sarcoidosis. 

15 Failure to block nitro-tyrosine formation with tungsten or allopurinol feeding would 
indicate activation of ROS generators other than XOR (NADPH oxidase, 
myeloperoxidase, cyclooxygenase), however, our data reveal the striking contribution to 
MNP ROS generation by XOR following cytokine induced inflammation, and this is 
likely to arise in granulomatous inflanmiation as well. Evidence for XOR derived 

20 nitrotyrosine in the rat models of granulomatous inflammation will indicate the 

importance of conducting corroborative assays for XOR derived carbonyl proteins (169) 
or lipid peroxidation products (178). 

In vitro generation of oxidative stress by XOR activation in MNP. We have 
quantitated hydrogen peroxide release from whole BALF cells in a Lumistar Luminometer 

25 using a coupled peroxidase/luciferin/luciferase assay and have quantitated superoxide 
release using a spectroscopic assay for cytochrome c reduction (207). We will quantitate 
the release of hydrogen peroxide and superoxide from BALF cells before and after 
stimulation with the XOR substrates, xanthine and or hypoxanthine, to confirm that XOR 
derived ROS is indeed released from these cells. Cells from the same experiment will be 

30 sedimented on to glass slides (cytospin), fixed, and stained with Alexa 594 conjugated 
anti-nitrotyrosine antisera (265). Assay of cells from XOR inhibited rats will allow us 
confirm XOR, specifically in the BALF cells, as a source of hydrogen peroxide, 
superoxide anion, and protein nitration. 
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We will perform comparable experiments on inflammatory cells isolated from 
induced and inhibited whole lungs. Lungs will be perfused blood free, minced on ice with 
scissors, and exposed to coUagenase for two hours. After straining the tissue debris, MNP 
will be adhered to plastic dishes for one hour in serum rich cell culture medium (265). 

5 Adherent cells will be washed and assayed as above. As in the preceeding section, our 
analyses will be performed on rats exposed to control and XOR inhibiting diets prior to 
induction of granuloma. 

Contribution of XOR to apoptosis in the lung during granulomatous 
inflammation. Our previoxis data revealed that alveolar cell apoptosis was stimulated 13 

10 fold by cytokine induced ALI, and that prior inhibition of XOR with allopurinol 

attenuated cytokine induced alveolar apoptosis. However, these analyses did not assess 
apoptosis within the inflammatory cells themselves. It has been postulated that reduced 
apoptosis in the granuloma is responsible for persistence of the granuloma, while 
resolution is associated by increased apoptosis in the granuloma (284). Excess levels of 

15 the £^optosis inducers Fas/FasL are found in sarcoid granuloma (285-287), but are 
associated with reduced apoptosis in the granuloma (288). This paradox has been 
explained by the induction of p21^*^ by IFN-y in the inflammatory cells (289) which 
renders them resistant to Fas induced apoptosis (288). Since allopurinol promotes the 
resolution of estabUshed granuloma (182-186), we will assess the level of apoptosis in the 

20 rat models of granulomatous inflanmiation over the course of 28 days from control and 
allopurinol fed rats. Our assays for in vivo apoptosis will constitute histochemical 
TUNEL stain and inununocytochemical analysis of caspase 3 activation as previously 
described (265). Particular attention will be paid to the localization of TUNEL/caspase 
signals, since it is possible that localized alveolar apoptosis itself may promote the 

25 inflammatory process. It can be anticipated that a complex picture will unfold throughout 
this time course, and the effect of allopurinol on the coiu^e and localization of apoptosis is 
likely to yield highly valuable information. 

Considerations. We have proposed three kinds of analyses for XOR dependent 
oxidative stress. Nitrotyrosine analysis will establish the generation of superoxide in 

30 specific cell populations in vivo using lung tissue sUces and cells recovered in the BALE 
following experimentally induced granuloma in rats fed control or XOR inhibited diets. 
They will also allow us to infer the presence of ROS generating XOR in non- 
inflammatory cells of the lung. Since very specific control reactions can be conducted for 



57 



wo 2005/030138 



PCT/US2004/031478 



nitrotyrosine (290,291), these reactions are preferred over other in situ methods such as 
DCFH (difluorofluroescein) oxidation. Furthermore quantitative morphometric analyses 
will be used to quantitate the increase in nitrotyrosine staining, and these data will also be 
corroborated by Western immunoblot. The formation of hydrogen peroxide and 
5 superoxide in whole cells supplemented with xanthine or hypoxanthine will establish the 
capacity of XOR to form ROS in the BALF cells or interstitial cells obtained fix>m 
collagenase treated lung homogenates following granuloma induction, and these data will 
be confirmed using cells from XOR inhibited rats. We have used other methods of ROS 
detection in live cells, including DCFH fluorescence, and while these may ultimately 

10 prove useful, they are subject to significant artifactual conversion of the DCFH and 
difficult background problems that generate highly ambiguous results. The proposed 
studies will be pertinent to our xmderstanding of granulomatous inflanunation because 
suppression of XOR activity in an ongoing inflammatory process has the capacity to 
attenuate inflammation, oxidative stress, and alveolar cell apoptosis. The mechanism by 

15 which XOR contributes to these different processes in sarcoidosis may suggest alternative 
modes of intervention or specific strategies related to the timing of intervention. 

Characterization of the response of the MNP cells to ROS generation by XOR 
in the MNP cells in vitro and in vivo. Our data have indicated that expression of XOR 
within the inflammatory MNP cells can modulate cytokine induced ALI. We imagine that 

20 the fundamental biology of the MNP cells will be substantially the same in granulomatous 
inflammation, therefore, it is Ukely that expression of XOR may also modulate the 
behavior of MNP in GLI/sarcoidosis. 

Cytokine synthesis and release. Inhibition of XOR specifically within the MNP 
attenuated the recruitment of inflammatory cells to the limg and resulted in the recovery of 

25 immature MNP in the BALF. We presently imagine that XOR derived ROS signaling 
within the MNP cells may stimulate expression of chemotactic factors by a process that is 
sensitive to allopurinol inhibition. ROS sensitive cytokines and chemokines that may be 
affected by XOR derived ROS include MCP-1, IL-1, IL-8, IL-6 (292). Several strategies 
are presently available for determining cytokine levels in BALF. We have used cytokine 

30 array immimoblots in which anti-cytokine antibodies have been bound to nitrocellulose. 
These have been reacted to cell free lavage fluid during IL-1 and IFN-y induced 
inflammation and have revealed increases in BALF of IL-4, IL-8, TGF-p, and MCP-1 at 
24 hours post-insufflation. While somewhat limited in sensitivity, the blots will detect 
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nanogram levels of cytokine and are thus adequate to detect most changes in cytokine 
level in the B ALF fluid fracion. 

Thus, we will obtain BALF from rats subjected to granulomatous inflammation 
and collect the inflammatory cell fraction and the cell free fluid fraction. Anti-cytokine 

5 antibody array blots (RayBiotech custom cytokine array) will be used to assay up to 20 
cytokines and chemokines simultaneously. The comparison of sham treated BALF to 
experimentally induced granuloma with and without allopurinol will allow us to identify a 
contribution of XOR to cytokine or chemokine alteration during inflammation. Cytokine 
changes found to correlate with XOR activation will be corroborated with cytokine 

10 specific ELISA for which peptide specific competition analysis will provide definitive 
evidence of cytokine elevation or modulation. In addition, we will assay the 
diflerentiation promoting BMP proteins (bone morphogenetic proteins-2,3,4,5,6,7) by 
Western immunoblot analysis of BALF, since these protein may have significant efTects 
on maturation of limg MNP and may be sensitive to XOR derived ROS (250). Direct 

15 assay of the cell free BALF is desirable since many of the important cytokine mediators 
can be derived from the epithelial cells or other alveolar cells. 

We will also use the BALF cell fraction from the same rats to isolate RNA for use 
in cytokine array RNA analyses by RNA protection analysis (RPA). These experiments 
will allow us to compare expression of specific cytokines or chemokines from the same 

20 rats in which cytokines and chemokines have been assayed at the level of protein 

expression, but have the additional advantage of being conducted on the inflammatory 
cells themselves. Corroboration that an RT-PCR signal has indeed been derived from the 
MNP cells will be obtained by Northern blot of specific cytokines or chemokines using 
PercoU gradient purified MNP. In combination, tiiese data will allow us to assign a 

25 specific role of MNP derived XOR in the stimulation of cytokines or chemokines in an in 
vivo model of GLI/sarcoidosis. 

Adhesion molecule expression. XOR derived ROS specifically in the MNP cells 
may contribute to adhesion molecule activation or expression and thereby affect the 
recovery of inflammatory cells in the BALF (242-244). Thus, we will obtain circulating 

30 monocytes and BALF cells from rats subjected to experimentally induced granuloma in 
the presence and absence of prior XOR inhibition. Cells will assayed for expression of 
ICAM-1, VLA-3, VLA-4, and other integrin molecules by FACS analysis and Western 
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immunoblot analysis since many of these adhesion molecules may also be regulated by 
ROS sensitive transcription factors. 

Transcription factor activation. A specific consequence of ROS generation 
from MNP XOR expression is expected to be activation of ROS sensitive transcription 

5 factors such as NF-kB, AP-1 , or STAT factors which may subsequently promote 

chemokine or adhesion molecule expression. We imagine this to be a necessary prelude 
for activation of chemotactic factors. However, the activation of such broadly active 
transcription factors would suggest that many genes could be subject to alteration in 
activation state with consequences potentially greater than the activation of specific 

10 cytokines or chemokines. Accordingly, we will obtain inflammatory cells from the BALF 
of experimentally induced GLI/sarcoidosis, isolate nuclei and nuclear proteins from these 
cells, and use the nuclear protein fraction to assay activation of NF-kB, AP-1, and STATl, 
STAT3, and STATS using a combination of electrophoretic mobility shift assay (EMSA) 
and Western blot analyses. The contrast between experimental groups in which XOR has 

15 been inhibited with allopurinol will allow us to assign a role for MNP XOR in the 

activation of selected ROS sensitive transcription factors likely to regulate many aspects 
of the evolving inflammatory process, including stimulation of chemokine expression. 

Participation of XOR in MNP differentiation and maturation. Our data 
revealed that inhibition of XOR specifically within the MNP cells attenuated the 

20 recruitment of inflammatory cells to the lung and revealed changes in the MNP population 
itself (265), suggestmg that XOR may exert unanticipated affects on MNP development or 
maturation. To determine whether XOR contributes to maturation of MNP, BALF cells 
will be obtained from rats following induction of granulomatous inflammation in rats fed 
control or allopurinol diets. These cells will be analyzed in several ways to characterize 

25 the state and condition of the cells. Aliquots of recovered cells will be stained and 
quantitated to determine the differential cell count. Additional aliquots will then be 
analyzed by FACS analysis using FITC conjugated antisera to CDl lb, EDI, and ED2 to 
determine the state of maturation (immature, CDl lb+/EDl-/ED2-; mature CDl lb-/EDl+ 
or ED2+). Cells and BALF will also be assayed for expression of cytokines and 

30 chemokines as described above since cytokine expression profile is an important 

characteristic of MNP cells that changes during differentiation and maturation. Cytospin 
or Western immunoblot analysis of the differentiation determinants, Id-1 and Id-2, from 
control and allopurinol inhibited BALF cells will yield important insight into the 
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mechanism by which XOR may influence lung MNP differentiation itself since these 
proteins are key determinants of leukocyte and lymphocyte development (293, 294). We 
envision a mechanism by which XOR or XOR derived ROS may promote MNP 
maturation that would itself modulate cytokine synthesis and release. Blockade of this 
5 process with allopurinol may then result in the accumulation of the differentiation 

inhibitor, Id-2 (below), and arrest of MNP development, perhaps affecting the capacity for 
expression of cytokines or chemokines. 

Westem immunoblot analysis of the differential inhibitor, Id-2, from BALF cells 
obtained 24 hours following cytokine insufflation in allopurinol (A) or control (C) fed 
10 rats. These data show XOR dependent regulations of MNP Id-2 levels in cytokin induced 
ALL 

In parallel experiments, we will determine the effect of allopurinol inhibition on 
MNP differentiation and viability using BALF cells obtained from rats that have been 
exposed to BCG/TDM or sham injection after feeding on control or allopurinol 

15 supplemented diets. These cells will be assayed as above to determine the degree of 
viability and apoptosis, the state of cytokine expression, surface markers of 
differentiation, and expression of Id determinants of differentiation. The data obtained 
from these experiments will allow us to determine whether XOR inhibition within the 
MNP cells has increased the rate of alveolar macrophage cell death or has altered the state 

20 of maturation of MNP newly recruited to the lung. 

Use of animals. We will use approximately 200 male and female Sprague Dawley 
rats each year. Rats will be given TDM or heat killed BCG intratravenously to induce 
granulomatous inflammation. They will first receive a sensitizing dose as described and 
will then be stimulated intravenously three weeks later with a five fold higher dose of 

25 BCG. TDM will be administered as a single intravenous dose. At various times thereafter 
rats will be sacrificed. Lungs and BALF cells will be recovered following vascular 
perfusion with saline and both will be examined in vitro. We will quantitate several 
parameters of lung granulomatous inflammation from harvested lungs. Rats will used in 
four experimental groups: sham injected controls, induced rats, and rats induced with 

30 BCG or TDM that had been previously fed on XOR inhibiting diets. Diets will consist of 
allopurinol substituted feed or feed depleted in molybdenum and supplemented with 
tungsten as described (193, 206, 265). This procedure has been approved by the Webb- 
Waring Institute's AAALAC accredited animal care facility. 
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Veterinary care. All rats are monitored daily for illness or evidence of distress by 
a certified laboratory animal technician who is under the supervision of a laboratory 
animal veterinarian. Sick rats will either be euthanized immediately or provided with 
appropriate medical care. The veterinarian is on site during the daytime and available at 

5 other times by pager. 

Pain controL Rats will be treated with inflammatory inducers by intravenous, tail- 
vein, injection recovered in cages under constant supervision. Sample collection will be 
done as a terminal procedure with rats under deep anesthesia. Rats will be given sodium 
pentobarbital and the chest will be opened only after the rat is totally unresponsive to any 

10 stimulus. Thus, rats should not experience any suffering other than the prick of a 25 

gauge needle to administer the inducer or the anesthesia. Euthanasia of all rats will follow 
AVMA approved methods. 

Other Modulators. Compoxmds that can be added as modulators are 
Diphenyleneiodonium dichloride to block nitric oxide synthesis; and glutathione, 

15 glutathione precursors and and dimethylthiourea (DMTU)to inhibit D-form to O-form 
conversion. 

All cited patents, patent applications and publications and other documents cited in 
this appUcation are herein incorporated by reference in their entirety. 
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